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Abstract 
 
Sex chromosomes are of great interest due to their role in sexual reproduction.  Sex chromosomes 
evolve through the suppression of recombination in the sex determining region between the X and Y 
chromosomes which allows for each region to evolve and change independently.  Papaya’s trioecious sex 
is determined by a pair of incipient sex chromosomes. 
  Papaya is the ideal species for studying sex chromosome evolution; it is trioecious, has a small 
sex determining region, and is in an early stage of sex chromosome evolution.  To investigate the early 
consequences of sex chromosome evolution, the non-recombining regions of the nascent sex 
chromosomes of papaya were physically mapped, sequenced, annotated, and analyzed.  The papaya 
hermaphrodite specific region of the Yh chromosome (HSY) is 8.1 megabases (Mb), larger than the 3.5 
Mb corresponding region on the X chromosome, due mostly to an increase of retrotransposon insertions.  
Unlike the X, the HSY acquired genes from the autosome, a few of which have degenerated since they 
were obtained.  Of the genes inherited from the ancestral chromosome, 46% have no functional copies on 
(and were therefore lost from) the HSY, and surprisingly, 29% were lost from the X.  Thirty three HSY 
specific transcripts were identified, providing a list of sex determination gene candidates.  This study 
provides the first detailed analysis of the sex-specific regions of a plant sex chromosome pair. 
 Sex chromosomes evolve from an autosomal chromosome pair through suppression of 
recombination between the two.  Though signs of Y evolution are distinct, with the expansion of the Y 
chromosome in early stages and the degeneration and loss of gene content, the X chromosome has long 
been thought to conserve the ancestral autosome’s structure and gene content.   To determine whether the 
papaya X chromosome remained evolutionarily static and to compare the changes seen in the HSY and X 
regions to that of an outgroup, an orthologous autosomal region in Vasconcellea monoica, a monoecious 
relative in the family Caricaceae, was analyzed.  Eleven V. monoica bacterial artificial chromosomes 
(BACs) corresponding to the X-specific region of papaya, and one V. monoica BAC corresponding to a 
papaya autosomal BAC, were sequenced, annotated, and analyzed.  The papaya X-specific sequence was 
133% larger than the V. monioica corresponding sequence, making the HSY sequence 5.4 times larger, 
supporting that both the HSY and X have expanded since their divergence from the ancestral autosome.  
The accumulation of retroelements contributed the most to the expansion, supporting the prediction of 
accumulation of transposable elements in the early stages of sex chromosome evolution.  Both the X and 
the HSY have gained and lost genes and a gene rearrangement has occurred on the X, further supporting 
the conclusion that the X chromosome is not an unchanged version of the ancestral autosome.   
The sequencing of the papaya HSY and X sex-specific regions revealed a 4.6 Mb difference 
between the two sexes.  Genome size differences have been detected between sexes in species with 
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heteromorphic sex chromosomes using flow cytometry.  I examined whether the 4.6 Mb difference 
between sexes can be detected using flow cytometry and tested whether a selection of dioecious and 
trioecious species in the family Caricaceae have detectable genome size difference between sexes.  
Nuclear DNA content for 11 of the 35 Caricaceae species was estimated using flow cytometry.  Genome 
sizes were estimated for multiple sexes in seven of the 11 species.  The papaya genome size was found to 
be 442.5 Mb, larger than previously predicted, and a 29% variation was seen across the average genome 
sizes of the 11 species.  The 4.6 Mb difference could not accurately be detected using flow cytometry, but 
significant differences in genome size were detected between male and female samples in Jacaratia 
spinosa, Vasconcellea horovitziana, Vasconcellea parviflora, and Vasconcellea stipulata, and between 
male and hermaphrodite samples of Vasconcellea cundinamarcensis, suggesting the presence of sex 
chromosomes for these species.  Vasconcellea horovitziana has a female genome size larger than the 
male, which was the opposite of what was expected and observed in the other Vasconcellea species, and 
would be interesting to explore further in the future. 
The results reported here support past hypotheses of early sex chromosome evolution, but the 
scale and pace of DNA sequence expansion in the HSY and in the X are surprising.  The comparison 
between the HSY, X, and V. monoica sequence brought to light the new finding that the X region is also 
changing considerably, expanding as well and losing genes.  It appears that papaya is not the only 
Caricaceae species that has evolved sex chromosomes; genome size differences between sexes suggest 
the dioecy seen in some Vasconcellea species and one Jacaratia species may be the result of 
independently evolved sex chromosomes, a finding that would be interesting to pursue in the future.                   
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CHAPTER 1:  GENERAL INTRODUCTION OF PAPAYA SEX CHROMOSOMES1 
 
Abstract 
 
Papaya is a semi-woody tree that produces fruit rich in vitamins and minerals. It is trioecious with 
male, female, and hermaphrodite plants. Though many theories have been suggested in the past, papaya 
sex is determined by a pair of nascent sex chromosomes; females have two X chromosomes, males have 
an X and a Y, and hermaphrodites have an X and a Yh, which varies slightly from the male Y. Any 
combination of the Y and Yh genotype is lethal. The X and Y chromosomes have a small non-
recombining region in the centromeric and pericentromeric region. The hermaphrodite-specific region of 
the Yh chromosome (HSY) is gene poor and has an increased amount of retroelements and chromosomal 
rearrangements compared to its X counterpart and the genome wide average. The X and Y chromosomes 
were estimated to have diverged relatively recently about 2-3 million years ago (MYA), and even more 
recently in the case of the Y and Yh (73,000 years ago). Physical maps of the HSY and the corresponding 
X region have been produced and sequenced, showing the HSY sequence has expanded. Genes in these 
regions are being mined with a special focus on identifying the two sex determination genes, one 
promoting maleness and one suppressing femaleness. The impact of identifying the sex determination 
genes would be substantial for both the commercial production of papaya and the field of sex 
chromosome evolution. 
 
 
 
Introduction 
Sexual reproduction is a common phenomenon in eukaryotes. Across sexually reproducing 
flowering plants, a variety of breeding systems have arisen. Flowering plant species can be 
hermaphrodite, containing both male and female parts within the same flower, monoecious, having 
separate male and female flowers on the same individual, dioecious, having male and female flowers on 
different individuals, or a combination of the three. Hermaphroditism is the most common sexual type 
seen in angiosperms, whereas dioecy is only seen in about 6% of species across about 38% of flowering 
plants families (Renner and Ricklefs 1995). Dioecious angiosperm individuals were thought to have 
evolved independently in different families from hermaphrodite ancestors (Takhtajan 1969). There are 
many possible reasons for this shift from hermaphrodite to monoecious or dioecious sex types. 
                                                            
1 This chapter appeared in its entirety in Gschwend AR and Ming R (2011) Papaya Sex Chromosomes in New insights on plant 
sex chromosomes. ed Navajas-Perez R. Nova Science Publishers, Inc. (In Press).  This chapter is reprinted with permissions from 
the publisher.   
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Hermaphrodite plants can self-pollinate, which allows for a greater opportunity to reproduce, but they do 
not obtain the same genetic diversity monoecious or dioecious plants achieve by cross pollinating, which 
gives them more evolutionary flexibility. 
In dioecious plants, sex is determined at various stages of flower development, and molecularly, 
there are likely many different genes involved in sex determination of flowering plants. One common 
thread seen in many dioecious species is the presence of sex chromosomes. Sex chromosomes are those 
containing sex determining genes. These sex chromosomes can either be heteromorphic or homomorphic, 
depending on their evolutionary stage. The first report of heteromorphic sex chromosomes in plants was 
seen in the liverwort Sphaerocarpos donnellii (Allen 1917). Since then, molecular investigations have 
been carried out on a diversity of plants in various stages of sex chromosome evolution.  
Over the years, a handful of model species for molecular sex chromosome studies have emerged. 
Carica papaya has been found to have nascent sex chromosomes (Liu et al. 2004). The X and Y 
chromosomes are cytologically homomorphic, but the Y chromosome has a recombination suppressed 
male-specific region (MSY) which has lost gene content, resulting in the lethal YY genotype. Besides 
papaya, the evolution of the sex chromosomes of angiosperms such as strawberry, asparagus, poplar, 
Silene, and Rumex are also being intensely studied. Strawberry (Fragaria virginiana) was discovered to 
have two sex determination genes, one for male sterility and one for female fertility. These genes have 
been mapped to the same linkage group and recombination still occurs in the 5.6 cM region between the 
genes (Spigler et al. 2008). Asparagus (Asparagus officinalis) sex chromosomes are homomorphic and 
contain two tightly linked sex determination genes, a male activator and a female suppressor, at a single 
locus. Recombination in this area is suppressed, but degeneration in this region is minor, because the male 
YY genotype is viable (Marks 1973; Reamon-Büttner 1998). Silene latifolia has both a large male-
specific non-recombining region on the Y chromosome, and pseudoautosomal regions that do still 
recombine with the X (Scotti and Delph 2006; Delph et al. 2010). There are at least three regions in the 
male-specific region of the Y relevant to sex expression, one that suppresses femaleness and two that 
promote maleness (Donnison et al. 1996; Lardon et al. 1999; Lebel-Hardenack et al. 2002; Zluvova et al. 
2007). The sex chromosomes are heteromorphic, because the Y chromosome is larger than the X 
(Grabowska-Joachimiak and Joachimiak 2002). Rumex acetosa has a XX/XY1Y2 sex chromosome 
system, and sex is determined by the ratio of X-linked genes to autosomal genes (Lengerova and Vyskot 
2001). As shown in these examples, there are significant differences in the structures of the sex 
chromosomes across these dioecious (and trioecious) species, leading to the hypothesis that these sex 
chromosomes vary in evolutionary stages.  
Six stages of sex chromosome evolution have been proposed to explain the variation of the sex 
chromosomes in angiosperms (Fig. 1.1) (Ming et al. 2011). In the first stage, a male-sterile mutation and a 
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female-sterile mutation arise in close proximity on a chromosome, but recombination still occurs in this 
region; strawberry is an example of the earliest stage of sex chromosome evolution. In the second stage, 
recombination is suppressed at and around the mutations, a crucial step in sex chromosome evolution, 
leading to degeneration of the Y chromosome, though the YY genotype is still viable, as seen in 
asparagus. In the third stage, the suppression of recombination spreads to other loci, forming a male-
specific region on the Y chromosome, and though the chromosomes appear to be homomorphic at this 
stage, some genes on the Y chromosome are lost through transposable element insertions, deleterious 
mutations, and chromosomal rearrangements causing an inviable YY genotype. Papaya is an example of 
stage three. During the fourth stage, the MSY accumulates transposable elements and duplications, 
causing a DNA expansion. The non-recombining region spreads to the majority of the Y chromosome and 
the sex chromosomes are heteromorphic, with the Y chromosome often becoming considerably larger 
than the X chromosome. Silene is a good example of an angiosperm in stage 4. During stage five, though 
a small portion of the sex chromosomes continues to recombine, keeping the pair together, severe 
degeneration of the Y chromosome occurs and many genes lose function, leading to the loss of the non-
functional sequences, causing the Y chromosome to shrink. There are no current examples of angiosperm 
sex chromosomes in this stage. Finally, in stage six, the suppression of recombination spreads to the 
entire Y chromosome, causing the Y chromosome to be completely lost. Sex is then determined by an X 
to autosome ratio, as is seen in Rumex.  
Besides being a model species for sex chromosome studies, papaya is an important fruit crop and 
is widely cultivated in tropical and subtropical areas. Papaya has a soft-wooded trunk that hollows 
between the nodes and is unbranched with palmate leaves (Ming et al. 2008a). It is fast growing with a 
short juvenile phase of about 3-8 months and can produce ripe fruit in nine months. Papaya is also grown 
for the proteolytic enzyme papain, which is used as a meat tenderizer and in chill proofing beer.  
Papaya is trioecious, consisting of all three sex types. Papaya flowers are composed of five waxy, 
ivory-white petals, which are slightly fragrant (Morton 1987). Male trees have long peduncles and 
inflorescences consisting of multiple slender staminate flowers. Female trees have short inflorescences 
with only a few flowers with large carpels and no stamens. Hermaphrodite trees also have short 
inflorescences, but with flowers that contain both functional carpels and stamens.  
Commercially, determining the sex of the papaya trees is essential. In its vegetative form, the 
three sex types are indistinguishable. It isn’t until the tree reaches reproductive maturity and flowers, 
about 4-6 months after germination, that the sex of the tree is revealed (Ming et al. 2007). Hermaphrodite 
trees are favored in commercial papaya farming, because of their high productivity and because the fruit 
is preferred by customers. Using female trees in the field would require male trees for pollination, 
occupying 6-10% of valuable field space with trees that will not produce fruit. Since there are no true-
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breeding hermaphrodite varieties, farmers must plant five seedlings per plot, allow them to grow until 
they flower, then cut down and remove all but one hermaphrodite tree. This method is inefficient and 
costly. Papaya trees compete for resources, which delays production, and farmers’ time and labor are 
wasted on plants that will ultimately be cut down. The identification of the papaya sex determination 
genes could lead to engineering a true breeding hermaphrodite variety to improve papaya production.  
In this chapter, the past research on papaya sex chromosomes will be reviewed and the current 
status of the project and the implications for future research will be summarized. 
 
Mendelian genetics of sex determination 
Papaya sex determination has intrigued geneticists and breeders for many years, because of 
papaya’s unusual sex segregation ratios and because sex type is important to the commercial production 
of papaya. To explore sex determination in papaya, Hofmeyr in South Africa and Storey in Hawaii 
independently carried out a series of crosses between varying papaya sex types (Hofmeyr 1938; Storey 
1938). The results were consistent among the two studies. When a hermaphrodite was self-pollinated, 
which is most common, the resulting offspring showed 2:1 hermaphrodite to female segregation. If a 
female tree was pollinated by a hermaphrodite or a male tree was crossed with a female tree, the resulting 
segregation was 1:1, female to hermaphrodite for the former and male to female for the latter. A 
hermaphrodite crossed with a male resulted in seeds segregating in a 1:1:1 ratio of males, hermaphrodites, 
and females. Occasionally a male flower with functional carpels would self and would result in a 2:1 male 
to female ratio. From these results, Storey and Hofmeyr each concluded that papaya sex is controlled by 
one gene with three alleles, Storey using M, Mh, and m to denote the alleles, and Hofmeyr using M1, M2, 
and m (Hofmeyr 1938; Storey 1938; Storey 1941). Since Storey’s annotation differentiates between male 
and hermaphrodite alleles, it is more commonly used. In their hypotheses, males (Mm) and 
hermaphrodites (Mhm) are heterozygous, whereas the females are homozygous recessive (mm). Dominant 
allele combinations (MM, MMh, MhMh) are lethal, causing the interesting field cross ratios observed.  
These initial hypotheses sparked other explanations for sex determination in papaya. Hofmeyr 
expanded on his original hypothesis and suggested the chromosomes carrying the sex determination gene 
are sex chromosomes. He suggested the female sex determination factors primarily made up the sex 
chromosomes and the autosomes contain the male sex determination factors. M and Mh were thought to 
have an inactivated region, which was missing vital genes, causing any M and Mh combination to be 
lethal. Sex was thought to be determined by the balance of sex chromosomes and autosomes (Hofmeyr 
1939; Hofmeyr 1967).  
Storey also modified his hypothesis when he took into account the long peduncles only found in 
males and the lethality of the homozygous dominant genotype in males and hermaphrodites, and 
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suggested that sex was determined by a group of closely linked genes which are clustered on a small 
region of the sex chromosome and behave as a unit, because recombination does not occur in this section 
(Storey 1953). A handful of genes or factors were hypothesized to be present in this region. Mp, the male 
peduncle gene, was thought to be a gene that causes the long peduncles of male flowers. The zygotic 
lethal factor, l, causes the lethal phenotype seen in males and hermaphrodites. The androecium is 
suppressed when sa is homozygous recessive, like it is in females. The suppressor of the gynoecium, sg, 
controls the suppression of carpel development when present as homozygous recessive. Because of the 
sex reversals seen in the field, it was suggested that males and hermaphrodites are only heterozygous for 
this gene. C, the hypothetical suppressor of recombination, is a factor that prevents recombination in this 
region. Given this information, the genotypes of M, Mh, and m would be as follows, though the order of 
these genes is arbitrary: 
 
 
 
A few years later it was suggested by Horovitz and Jiménez (1967) that the papaya sex 
determination is an XX-XY system, where the female genotype was XX, the male was XY and the 
hermaphrodite was XY2, with a slightly different Y chromosome. The Y chromosome contained a lethal 
factor causing YY, YY2, and Y2Y2 genotypes to abort. These conclusions were drawn from intergeneric 
hybridizations done between Carica and Vasconcellea species (Horovitz and Jiménez 1967). Around the 
same time, Hamilton and Izuno identified a female tree with long peduncles, with the majority of flowers 
being female, but containing a few male and hermaphrodite flowers. Because of reciprocal cross data 
from resulting progeny, they hypothesized that there are only two sexes, females and a sex type that is 
variable, and can range from hermaphrodite to male with a number of intermediates (Hamilton and Izuno 
1967). This discovery caused Storey to revise his model by removing Mp and changing sa and sg (Storey 
1976). SA now converts the ancestral androecium to the current gynoecium, sa causes normal androecium 
development, SG controls male carpel abortion, and sg allows for the expression of SA, controlling 
normal flower abortion. The lethal factor (l) and suppressor of recombination (C) are the same. In this 
Mm=     Mp  l  C  +  sg 
               +    +   +  sa + 
Mhm=      +    l  C   +  sg 
                 +  +  +  sa  + 
mm=       +   +  +  sa  + 
                 +  +  +  sa  +        
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model, the female was considered homozygous for SA and sg, and the variable sex had a copy of SA, sa, 
SG, and sg. 
  More recently, Sondur et al. (1996) suggested papaya sex determination is controlled by trans-
regulatory elements. The dominant male allele (SEX1-M) encodes a transacting factor that promotes 
stamen development, but suppresses carpel development. The dominant hermaphrodite allele (SEX1-H) 
also promotes stamen development, but reduces carpel size. The recessive female allele (sex1-f) is unable 
to promote stamens. The lethal factor was attributed to the lack of a vital function that is present in sex1-f, 
but not in SEX1-M and SEX1-H (Sondur et al. 1996).  
These hypotheses were stepping stones leading to the current research being done in exploring the 
sex of papaya. When the proper technology was developed, molecular studies began to shed light on the 
mysteries surrounding papaya sex and eventually led to the discovery that papaya does in fact have 
incipient sex chromosomes, with a sex-specific non-recombining region. The next section will follow the 
molecular experiments leading to this discovery, as well as the current knowledge about papaya sex 
chromosomes. 
 
Molecular genetics of sex chromosomes 
Though many hypotheses had been made about the sex determination system of papaya, little 
concrete molecular data had been generated to verify which hypothesis accurately described what was 
occurring in papaya that led to these three sex types. Genetic cross data, phenotypic data, and some early 
cytological observations were the only evidence used to form these early hypotheses. It wasn’t until the 
applications of molecular techniques and biotechnology, that scientists had the means to tackle the 
question of papaya sex determination.  
The first method explored to detect papaya sex was the use of sex-linked molecular markers. 
Microsatellite and sequence-characterized amplified region (SCAR) markers, which showed different 
banding patterns between the sex types, were successfully developed by different papaya research groups. 
This allows papaya sex to be determined during the vegetative state, but for commercial use, it is too 
costly to test thousands of seedlings and relocate them to the field (Parasnis et al. 1999; Parasnis et al. 
2000; Urasaki et al. 2002; Deputy et al. 2002).  
Molecular markers were also used in producing multiple genetic linkage maps for papaya. The 
first map was constructed by Hofmeyr, consisting of three morphological markers: sex, flower color, and 
stem color (Hofmeyr 1939). The second genetic linkage map consisted of 62 randomly amplified 
polymorphic DNA (RAPD) markers and mapped sex onto linkage group 1 (Sondur et al. 1996). The third 
map incorporated 1,498 amplified fragment length polymorphism (AFLP) markers, the papaya ringspot 
virus coat protein marker, sex, and fruit flesh color, totaling 1,501 markers which were mapped onto 12 
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linkage groups (Ma et al. 2004). Most recently a high density genetic map using 712 simple sequence 
repeat (SSR) markers, designed from BAC end sequences and whole-genome shot gun sequences, and a 
morphological marker resulted in 9 large linkage groups and 3 small linkage groups (Chen et al. 2007). 
Sex was mapped onto linkage group 1, one of the 9 large linkage groups.  
The construction of the papaya hermaphrodite BAC library, made up of 39,168 clones with an 
average insert size of 132 kb and 13.7X genome coverage, allowed for a new depth of exploration of the 
papaya sex chromosomes (Ming et al. 2001). The HSY was mapped with 225 sex co-segregating AFLP 
markers on linkage group 1, showing severe suppressed recombination in this sex determining region. 
SCAR markers were developed from sex co-segregating AFLP markers, and were used to screen the BAC 
library for physical mapping. Those BACs were extended by designing probes from their BAC end 
sequences to scan the BAC library for overlapping BACs. Through chromosome walking methods, a 
rudimentary physical map was produced with 2 major and 3 minor contigs that spanned 2.5Mb (Liu et al. 
2004). These efforts resulted in the discovery that severe suppression of recombination and degeneration 
is occurring in 10% of these homologous chromosomes, leading to the conclusion that these are in fact 
incipient sex chromosomes (Liu et al. 2004). Next, 50,661 BAC ends from 26,017 BAC clones were 
sequenced, allowing for chromosome walking techniques to be implicated to identify additional BACs in 
this area of interest (Lai et al. 2006).  
The completion of the papaya whole genome sequence provided the resources to expedite the 
physical map construction for the hermaphrodite HSY and X-specific regions (Ming et al. 2008b). The 
hermaphrodite BAC library clones were fingerprinted and BACs associated with the 2.5Mb physical map 
were used to discover contigs in the whole genome physical map that could aid in expanding the HSY 
through chromosome walking. Probes were designed from HSY BACS to detect corresponding X and 
male Y BACs to produce male MSY and corresponding X specific physical maps, as well.  
Some of the BACs located on the HSY, as well as a selection of paired X- and Y- specific BACS, 
were sequenced and investigated. The HSY BACs showed a deficiency of genes, a large number of 
retroelements, and gene duplication events compared to the X (Yu et al. 2007). Using genes found on 
both the HSY and X BACs, the divergence time of the X and Yh chromosomes was estimated to be 
between 0.5 and 2.5 MYA, suggesting the sex chromosomes evolved at the genus or species level (Yu et 
al. 2008a). The Y and Yh sequences were found to be nearly identical and likely arose from the same 
ancestral chromosome, instead of evolving separately.   The divergence time between the Y and Yh 
chromosomes was predicted to be 73,000 years (Yu et al. 2008b). In the male specific regions of the 
compared BACs, various chromosomal rearrangements have occurred, such as inversions, deletions, 
insertions, duplications and translocations 
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To date, the HSY and corresponding X region of the hermaphrodite have been physically 
mapped. Each physical map has only one remaining gap. The HSY physical map has a gap along Border 
A that has been filled on the X physical map. The corresponding X region has a gap located towards the 
center of the physical map between BACs 136D11 and 08K16, which is filled on the HSY physical map. 
The HSY spans ~8Mb and the X spans ~5Mb. 
 
Cytogenetics of sex chromosomes 
Of the nine chromosome pairs of papaya, seven are metacentirc and the remaining two pairs are 
submetacentric (Ming et al. 2008a). Papaya chromosomes are small and uniform in morphology, making 
them hard to differentiate using length, arm ratios, or banding patterns, which led to difficulties in 
identifying sex chromosomes in early studies of papaya sex determination (Wai et al. 2010). In an early 
investigation, precocious separation was observed between a chromosome pair during anaphase I of 
meiosis of a pollen mother cell in males and hermaphrodites (Kumar et al. 1945). Recombination occurs 
throughout the homologous regions of the sex chromosomes, but it is suppressed in the sex specific 
region of the chromosome pairs (~13% of the sex chromosomes) (Zhang et al. 2008). Recombination rate 
recovers and elevates in the border regions of the HSY (Yu et al. 2009).  
To link chromosomes to their genetic sequences, genetic mapping of the papaya genome was 
carried out and resulted in 12 genetic linkage groups, including nine major and three minor linkage 
groups (Chen et al. 2007). The three minor linkage groups 10, 11, and 12, were merged with major 
linkage groups 8, 9, and 7, respectively, using molecular cytogenetic approaches (Wai et al. 2010). To 
determine which chromosome corresponds to which genetic linkage group, linkage group-specific BACs 
were used as probes for fluorescence in situ hybridization (FISH) in papaya meiotic pachytene 
chromosomes (Zhang et al. 2010). The X and Y chromosomes were identified as the second longest 
chromosome pair and were designated as chromosome 1 in the karyotype. The remaining papaya 
chromosomes were numbered according to length, chromosome 2 being the longest and chromosome 9 
being the shortest.  
To locate the HSY region on the sex chromosomes, 2 confirmed BACs in this area were directly 
hybridized to interphase, prometaphase, metaphase, and anaphase chromosomes (Yu et al. 2007). These 
BACs hybridized near the centromere of the Yh. One BAC had a weaker signal on the X, which suggested 
the sequences on the HSY and X in this region were still relatively conserved. Since the second BAC only 
hybridized to the Yh, likely that BAC sequence had diverged considerably. Pachytene FISH was also 
utilized to map one of these HSY-specific BACs, along with its neighboring BACs, and a non-HSY BAC. 
The HSY BACs showed strong signals only on the Yh, whereas the non-HSY BAC showed a strong 
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signal on a different homologous pair of chromosomes. This study verified the identity of the X and Yh 
chromosomes and located the HSY near the centromere on the Yh.  
To further explore the structure of the MSY and X regions, hermaphrodite meiotic pachytene 
chromosomes were stained with 4’,6-diamidino-2-phenylindole (DAPI), which stains heterochromatic 
regions of chromosomes (Zhang et al. 2008). Based on the staining, the arms of the chromosomes were 
mostly euchromatic, but clusters of heterochromatin were found around the centromere. Specifically, the 
XYh bivalent was mostly euchromatic, with the X chromosome being the most euchromatic chromosome 
in the papaya genome, but five knob-like regions of heterochromatin, numbered K1 through K5, were 
found in the HSY (Zhang et al. 2008; Zhang et al. 2010). The largest knob, K1, was shared between the 
HSY and the X, but K2-K5 were only found on the HSY. The knobs were also found to be highly 
methylated. The heterochromatic knobs were likely the result of transposable elements and the high DNA 
methylation in these regions could be a defense mechanism against transposable element invasion. The 
HSY contained two small regions of 5S rDNA, which is an element of the large subunit of the ribosome 
involved in translation (Zhang et al. 2010). These regions were associated with K2 and K4. The X 
chromosome did not exhibit 5S rDNA. The accumulation of 5S rDNA in the HSY likely led to the 
materialization of heterochromatin and assisted in the differentiation of the sex chromosomes (Zhang et 
al. 2010).  
During X and Yh chromosomal pairing, a slight curve in the Yh chromosome occurred to allow 
for pairing (Zhang et al. 2008). The region around K4 had accumulated considerably more DNA then it’s 
X corresponding region, causing the curving of the Yh chromosome during pairing. By implementing 
meiotic metaphase I-based FISH using Yh-specific BACs, the centromere of the Yh chromosome was 
found to be located in the HSY, specifically associating the centromere with K4 (Zhang et al. 2008). The 
area around K4 showed more sequence divergence from the X than other regions of the HSY. 
 
Conclusions 
The discovery of incipient sex chromosomes in papaya has allowed for exciting genetic and 
evolutionary research opportunities. With the completion of the HSY and corresponding X physical maps, 
the genes present in these regions can be further explored. The most coveted genes to discover are the sex 
determination genes. The current hypothesis is that there are two key genes involved in determining sex 
in papaya. The first is a stamen promoting gene, which would be found on the MSY of the male Y and the 
HSY of the hermaphrodite Yh. The other gene involved in sex determination is a gain of function carpel 
suppressing gene, which would only be located on the MSY of the male Y. A deletion mutant that 
displayed a male to female sex reversal phenotype has allowed for the location of the stamen promoting 
gene to be narrowed down to a 1Mb region on the HSY (R. Ming and Q. Yu, unpublished data). This 
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region has been thoroughly mined for genes and candidate genes have already been identified. Through a 
combination of expression and functional analyses, the stamen promotion gene will be confirmed. The 
identification of this gene will eventually lead to the development of a true breeding hermaphrodite 
papaya variety, solving the problems in the field.  
Genes responsible for secondary sex characteristics on the HSY and X will also be identified, 
such as the gene involved in male peduncle length. The lethal factor on the Y and Yh, which could be a 
vital regulatory gene that has been interrupted by a transposable element, chromosomal rearrangement or 
has been lost completely from the chromosomes, can also be identified. Additionally, the downstream 
pathways triggered by the sex determination genes will be studied, as well.  
Further exploration of the papaya sex chromosomes will also provide insight into early sex 
chromosome evolution. Papaya is in the Caricaceae family, consisting of 35 species, including 32 
dioecious, 2 trioecious, and 1 monoecious species. The sequence data accumulated for papaya will allow 
for genic comparisons across the species in Caricaceae. The majority of the Caricaceae family is 
dioecious, suggesting that dioecy arose in this family after the divergence from its closest family 
Maringaceae about 60 MYA. By comparing the genes and genomic sequences of the homologous 
chromosomes within the family Caricaceae, we will gain a better understanding of how sex chromosomes 
evolve over time, as well as what features were conserved and lost, and what features were present before 
the divergence of the genera and species. Since the Y and Yh sequences of papaya were estimated to 
diverge a mere 73,000 years ago, it would be interesting to investigate the causes of this reversion back to 
hermaphrodite.  
The knowledge gained from the sex chromosomes in papaya can be applied, in general, to how 
sex chromosomes emerged and evolved. By studying the sequences of the papaya HSY and X regions, the 
initial cause of suppression of recombination, as well as the genes determining sex, can be discovered. 
The characteristics of papaya sex chromosomes can be compared with other sex chromosome model 
species in varying evolutionary stages, such as strawberry and Silene, to uncover the mechanisms and 
driving forces of sex chromosome evolution. 
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Figures 
 
 
 
 
 
 
 
Fig. 1.1.  The six stages of sex chromosome evolution as depicted by Ming et al. in their publication Ming 
R, Bendahmane A, and Renner SS (2011) Sex chromosomes in land plants. Annu Rev Plant Biol 62:485-
514.  
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CHAPTER 2: PHYSICAL MAPPING AND SEQUENCING THE X AND Yh CHROMOSOME IN 
PAPAYA REVEALED THE EVENTS OF INCIPIENT 
SEX CHROMOSOME EVOLUTION2 
 
 
Abstract 
Sex determination in papaya is controlled by a recently evolved XY chromosome pair, with the Y 
controlling development of males, and the slightly different Yh chromosome leading to hermaphrodites. 
Physical maps were constructed of the non-recombining region of the Yh chromosome (hermaphrodite-
specific, HSY) and its X counterpart by chromosome walking and bacterial artificial chromosomes 
(BACs) on the minimum tiling paths were sequenced, yielding an 8.1 megabase HSY pseudo-molecule, 
and 3.5 Mb for the corresponding X region. The larger size of the HSY is mostly due to retrotransposon 
insertions. 124 transcription units were annotated in the X and/or HSY together. Ten HSY genes were 
acquired from autosomes, and three were lost again, whereas the X region acquired none. Among the 114 
transcription units inherited from the ancestral autosome, 52 (46%) were apparently lost from the HSY in 
its short divergence time from the X. Surprisingly, 31 (27%) genes have also been lost from the X 
chromosome.  The identification of HSY specific genes allows for the selection of male sex determination 
candidate genes. 
 
 
 
Introduction 
Sex chromosomes have evolved independently in diverse lineages of animals and plants, and new 
dioecious species are still evolving (Graves and Shetty 2001; Ming et al. 2011). Evidence of homology 
between the members of sex chromosome pairs, strikingly evident in nascent sex chromosomes in 
flowering plants and fish (Liu et al. 2004; Peichel et al. 2004; Spigler et al. 2008; Yin et al. 2008), 
supports the view that they evolved from autosomes carrying sex determination genes. The key event in 
                                                            
2 The data in this chapter was submitted in part to the journal BMC genomics and PNAS and co-authors contributed to the 
work in this chapter:   
 
Na J-K, Wang J, Murray, JE, Gschwend AR, Zhang W, Yu Q, Navajas Perez R, Chen C, Kubat Z, Moore PH, Jiang J, 
Patterson AH, Ming R. (2012) Rapid expansion of the hermaphrodite specific region of the Yh chromosome (HSY) in 
papaya. BMC Genomics (In Press).   
 
Wang J*, Na J-K*, Yu Q*, Gschwend AR*, Han J, Zeng F, Aryal R, VanBuren R, Murray JE, Zhang W, Navajas Perez R, 
Feltus FA, Lemke C, Tong EJ, Chen C, Wai, CM, Singh R, Wang M-L, Min X, Alam M, Charlesworth D, Moore PH, Jiang 
J, Paterson AH, Ming R. (2012) Sequencing the X and Yh chromosomes in papaya revealed the molecular basis of incipient 
sex chromosome evolution. PNAS (In Review). (*equal contribution)  
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sex chromosome evolution is the suppression of recombination in the sex-determining region of the XY 
(male heterogametic) or ZW (female heterogametic) chromosome pair. This limits one chromosome of 
the pair to one sex, allowing Y- or Z-specific variants to accumulate, and reduces the efficacy of selection 
on the Y or W chromosome (Bachtrog and Charlesworth 2002; Bachtrog 2003). In some animals, the 
greater number of mitotic cell divisions in spermatogenesis than oogenesis leads to “male-driven 
mutation” (Y chromosomes having a higher mutation rate than autosomes or X chromosomes; Haldane 
1935; Li and Makova 2002). These genetic properties lead to Y chromosomes accumulating deleterious 
mutations and transposable elements, and ultimately to genetic degeneration by loss of genes or gene 
functions. 
The best studied sex chromosomes are those of humans, still the only completely sequenced sex 
chromosome pair (Skaletsky et al. 2003; Ross et al. 2005); the chicken Z and chimpanzee Y have been 
completely sequenced (Bellott et al. 2010; Hughes et al. 2010), but not their W and X. Draft Y 
chromosome sequences are available in Drosophila, but not complete sequences (Koerich et al. 2008), 
though large regions of the recently evolved D. miranda neoY have been compared with the homologue 
(Bachtrog et al. 2008). The Marchantia polymorpha Y chromosome has been sequenced (Yamato et al. 
2007), but not the X. The mammalian sex chromosomes evolved about 166 million years ago (MYA) 
(Veyrunes et al. 2008). 95% of the human Y is a non-recombining male-specific region (MSY), flanked 
by two physically small psuedoautosomal regions (Skaletsky et al. 2003). The MSY has lost most of its 
gene content, while the corresponding X chromosome region has 1,098 genes; the MSY carries 78 protein 
coding genes, encoding 27 different proteins, only 16 having X-linked homologs representing “X-
degenerated” descendants of genes in the ancestral chromosome (Delbridge et al. 1999; Bhowmick et al. 
2007).  
Recently evolved systems among dioecious plants are better suited than the ancient human or 
Drosophila sex chromosomes for studying the early stages of sex chromosome evolution. In Silene 
latifolia, Y-linked alleles have lower expression than their X homologs, and an excess of (presumably 
often deleterious) amino acid substitutions in their coding sequences, showing that genetic degeneration 
has been initiated (Bergero and Charlesworth 2011; Chibalina and Filatov 2011). S. latifolia has 
heteromorphic sex chromosomes which evolved about 10 MYA (Bergero et al. 2007), while those of 
papaya are slightly younger (Wang et al. 2012)  However, gene loss during plant sex chromosome 
evolution has not been well studied, because previous studies ascertained sex-linked genes largely 
through genetic mapping of genes discovered from EST sequences; consequently, genes with extant Y-
linked alleles are most readily discovered, potentially seriously under-estimating the proportion of genes 
lost during evolution of Y-linked regions.  
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This chapter presents the complete sequencing of the papaya Y-specific region together with its X 
counterpart, allowing the first comprehensive study of gene losses in a plant Y, and detailed comparisons 
of the fully X- and Y-specific regions. Papaya, a trioecious tropical fruit tree with three sex types, female, 
male, and hermaphrodite, controlled by an XY system, was used in this study. Two slightly different Y 
chromosomes determine male flower development (Y) versus hermaphrodite flowers (Yh). DNA 
sequence divergence between these two Y chromosomes is 1.2% (Yu et al. 2008b). The papaya 
hermaphrodite-specific region of the Yh chromosome (HSY), in the middle of chromosome 1, is about 
10% of the chromosome’s physical sized, and is flanked by much larger pseudo-autosomal regions (Liu et 
al. 2004). Four pairs of papaya X/Yh genes spanning a region of about 5-6 Mb were previously studied, 
and the Yh was inferred to have stopped recombining with the X about 2-3 MYA, and no evolutionary 
strata, regions within the HSY that diverged from the X at significantly different times, were found (Yu et 
al. 2008a). This analysis of the recently completed sequence of the papaya HSY and its X counterpart 
now reveal the different contributions to the X-Y size difference and yield the first estimate of the extent 
of gene loss since recombination ceased, which is possible only by physically mapping and assembling 
the relevant genome regions, and annotating the genes within it, to obtain unbiased estimates. Apart from 
humans, the only such study, for the Drosophila miranda neo-sex chromosome pair, estimated that four 
of 118 genes initially present were lost from the neo-Y, while 55 are present as non-functional sequences 
(Bachtrog et al. 2008). 
 
Materials and Methods 
 
Physical mapping of the HSY and corresponding region of the X  
To initiate physical mapping, the hermaphrodite bacterial artificial chromosome (BAC) library 
was screened using sex co-segregating sequence characterized amplified region (SCAR) and amplified 
fragment length polymorphism (AFLP) markers to identify BACs that acted as starting points for 
chromosome walking of the HSY and corresponding X regions.  Chromosome walking began by 
designing probes from the BAC end sequences of the seed BACs and hybridizing them to the 
hermaphrodite BAC library.  PCR was performed using the positive BAC DNA as a temple to eliminate 
false positives.  The BAC ends of the positive BACs were sequenced, primers were designed from the 
BAC end sequences, and PCR was performed using the seed BAC DNA as a template to orient the BACs 
and re-confirm their location.  Insert sizes were determined for each positive BAC, using restriction 
enzyme digest and CHEF gel electrophoresis.  The positive BAC that extended a contig the most was 
selected for the physical map to maintain a minimum tiling pathway and probes were designed from the 
two distal BAC ends to continue chromosome walking.  The stepwise chromosome walking continued 
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until the BAC end did not hybridize to any BACs or contained highly repetitive sequences and hybridized 
to a copious amount of positive clones.  The physical mapping on the HSY was further aided by the 
sequencing of several BACs confirmed to be located on HSY through fluorescent in situ hybridization 
(FISH) (Yu et al. 2007; Yu et al. 2008b), the genome wide physical map, BAC end sequences of the 
hermaphrodite BAC library, and FISH confirmation, which allowed for new starting points for 
chromosome walking across the HSY, maintained accuracy, and accelerated the construction of the 
physical map. 
The physical mapping of the region of the X chromosome corresponding to the HSY began by 
identifying two X-specific BACs that had high sequence identity to two BACs located in the HSY and 
were used as seed BACs to initiate chromosome walking from both directions of the two BACs (Yu et al, 
2008b).  Also, sex-co-segregation simple sequence repeat (SSR) markers from the papaya female draft 
genome were blasted against the hermaphrodite BAC library BAC end sequences to obtain additional 
starting points for chromosome walking in both directions (Ming et al 2008, Chen et al 2007, Lai et al 
2007).  Chromosome walking persisted following the above mentioned HSY physical mapping steps to 
form the minimum tiling path for the corresponding X region, until the contigs began to overlap and gaps 
were filled.  One additional tool utilized in the physical mapping of the X region is the papaya female 
draft genome, which allowed for in silico chromosome walking to be carried out (Ming et al. 2008b).  
During this process, the BAC end sequences of anchored BACs are blasted to the papaya female genome 
sequence , and the top hit (identity >98%) was blasted against the BAC end sequences of the 
hermaphrodite BAC library to identify candidate BACs, which would then be confirmed using PCR and 
the additional steps described for the HSY chromosome walking.        
When progress could no longer be made using the genomic resources available, three gaps 
remained in the HSY physical map and one gap in the X physical map.  Two new BAC libraries were 
utilized in the gap filling efforts.  A SunUp female BAC library was constructed using restriction enzyme 
BstY I and consists of 36,864 clones with an average insert size of 104 Kb, providing 10.3x genome 
coverage (Gschwend et al. 2011).  An AU9 male BAC library was also available to use, which was 
constructed using the restriction enzyme EcoR I and consists of 55,296 clones with an average insert size 
of 101 Kb and covers 15.0X genome equivalents (Gschwend et al. 2011).  The male BAC library aided in 
bridging two of the remaining gaps and extended the third gap of the HSY physical map.  The AU9 male 
and SunUp female library were screened to fill the remaining gap on the X physical map.  Two positive 
BACs, one from each BAC library, extended the sequence on either side of the gap, but the gap was 
unable to be filled completely. 
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BAC clone sequencing and assembly 
Each individual BAC clone in the HSY and X physical map minimum tilling path was fully 
sequenced using the Sanger method. Briefly, BAC DNAs were isolated from a single colony culture and 
randomly sheared to approximately 3 kb fragments. The sheared fragments were end-repaired, size-
selected on an agarose gel, purified, and ligated to the pSMART vector (Lucigen, WI 53562 USA). The 
plasmid DNA of randomly picked electro-transformed clones with 8 to 20 fold coverage of the BAC 
insert fragment was isolated and sequenced using ABI BigDye Terminator version 3.1on a 3730XL DNA 
analyzer (Applied Biosystems, http://www.appliedbiosystems.com). 
The Sanger reads were filtered and screened to remove E.coli genomic sequences, vector 
sequences, and low quality or ambiguous sequences. The trimmed reads were sequentially assembled into 
contigs using Phred/Phrap/Consed (Ewing et al. 1998; Gordon et al. 1998), CAP3 (Huang and Madan 
1999) packages, and Sequencher software (Gene Codes Corporation, Ann Arbor, MI). Individual BAC 
assemblies were examined manually for sequence regions with signs of miss-assembly and also checked 
by long range PCR targeting 10 kb amplicons. Suspected low quality regions and gaps in the assembly 
were resolved by removing ambiguous reads, and/or by primer walking, re-sequencing the PCR products, 
sequencing additional shotgun sub-clones, and/or alignment with neighboring BAC sequences. A BAC 
was not considered complete until all inconsistent read pairs had been resolved and Consed reported an 
error rate of less than 1 per 10,000 bases. The sequenced BACs are available on NCBI. Based on the 
physical maps of the HSY and its corresponding X region, the individual BAC sequences were joined into 
pseudomolecules.  
 
Transcription unit annotation 
The repeat-masked HSY and X sequences were blasted to the papaya EST and gene model 
databases and also blasted to EST datasets of Medicago truncatula, Oryza sativa, Populus trichocarpa, 
Vitis vinifera, and Arabidopsis thaliana, using tblastx for transcription unit identification. The loci where 
EST or gene models specifically aligned to HSY sequences with greater than 94% sequence identity were 
considered HSY-specific transcription units, loci where EST or gene models specifically aligned to X 
sequences with greater than 98% sequence identity were considered X- specific transcription units, and 
sequences with greater than 98% identity with X sequences and greater than 94% with HSY sequences 
were classified as XY transcription unit pairs. Each predicted transcript was translated in all six reading 
frames to distinguish protein-coding genes from pseudogenes. Potential functions of protein-coding 
transcripts were predicted using conserved domains and gene functions of homologs in other plants. Two 
de novo gene prediction programs, Genscan, and Fgenesh, were also used to predict additional genes that 
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may have been missed using the above approaches. Additional genes predicted by both programs were 
considered possible genes. 
Transcripts were tested by RT-PCR. cDNAs isolated from flower and leaf of male, female, and 
hermaphrodite plants were amplified with specific primers designed across at least one intron whenever 
possible.  The amplicons were sequenced from at least one tissue of all three sexes.  The sequences 
obtained were blasted against the HSY and X pseudomolecules to validate the target amplification and to 
determine the chromosomal origin of each sequence. Most genes were amplified with multiple primer 
pairs to test program predicted gene structures and the final gene structure was annotated based on the RT 
product sequences. Most of the genes present in the X chromosome were already annotated in papaya 
gene model set using programs specific for papaya transcripts. Transcription units predicted from the 
papaya gene model or the papaya EST database were considered to be validated if the expected sized 
product was obtained from specific primers. RNAseq data obtained from shoot apical meristem cDNA 
was used to further validate these transcription units. 
 
Results 
 
HSY and X Physical maps3 
Physical maps were generated using chromosome walking techniques.  The HSY physical map consists of 
77 BACs, 67 of which are HSY specific BACs, 2 are BACs bordering the pseudo-autosomal region 
(PAR), and 8 are in the pseudo-autosomal region (PAR) (Fig. 2.1).  The HSY-specific region is 8.6 Mb, 
but does include one remaining gap by border A, which was filled on the X.  The corresponding X 
physical map includes 56 BAC sequences and four papaya contig sequences; the X region corresponding 
to the HSY specific region consists of 43 BACs and four contigs, and is about 5.4 Mb; One gap remains 
in the middle of the physical map, between BACs M136D11 and F08K16 (Fig. 2.2).    
 
Sequencing the HSY and corresponding region of the X 4 
Each BAC in the HSY specific region and corresponding X region were Sanger sequenced, using the 
shotgun library approach.  The shotgun libraries were constructed to have 8-20 fold coverage, depending 
on the complexity of the sequence.  For each BAC, low quality sequences were trimmed and the 
remaining reads were assembled into contiguous sequences and edited by manually correcting base call 
errors.  The HSY and X BAC sequence were then assembled into two separate pseudomolecules.  The 
resulting HSY pseudomolecule was 8.1 Mb in 15 contigs (due to the repetitive nature of some areas), 
                                                            
3The following individuals also contributed to the physical mapping of the HSY and X: Jianping Wang, Jong-Kuk Na, Qingyi 
Yu, Jan E. Murray, Cuixia Chen, Zdenek Kubat 
4 The following individuals also contributed to the Sequencing of the HSY and X: Jianping Wang, Qingyi Yu 
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while the corresponding X pseudomolecule was 5.4 Mb in 12 contigs, consisting of a 1.9 Mb Knob 1 
region that is shared by the X and Yh, but sequence is only available for the X, and a 3.5 Mb X-specific 
region, which corresponds to the 8.1 Mb of HSY sequence.   
 
Defining the HSY borders   
Borders A and B of the non-recombining sex specific regions were defined based on recombination 
events of 1,460 F2 individuals (Na et al. 2012).  The sequences found in the HSY specific region are 
expected to have diverged from the X sequence and will vary between the HSY and X, but should 
become progressively homologous approaching the PAR.  Border A neighbors Knob 1, which is 
heterochromatin-rich region common to both the HSY and X (Zhang et al. 2008), and has been sequenced 
in the X, but the HSY physical map still contains a gap in sequence at this location due to its high 
sequence similarity with the X (HSY specific BACs could not be identified), so a direct comparison of 
sequence between the HSY and X of Border A is not yet possible (Fig. 2.1, Fig. 2.2).   
Border B was defined using fine mapping, but the level of specificity reached using this method 
is not as precise as a molecular analysis.  Border B sequence is available for both the HSY and X. 
Physical mapping suggested border B BACs 85C03 and 86B15 were common to both the X and the HSY, 
but after sequencing these BACs, it was discovered that there are still sequence differences between the 
HSY and X  in this region.  BACs 85C03 and 86B15 were found to be identical in the overlapping region 
to the neighboring X specific BAC and two new BACs, SH58C24 and SH60M19 were identified as 
corresponding HSY BACs; SH58C24 and SH60M19 are identical in overlapping regions to HSY specific 
BACs and show high homology to 85C03 and 86B15, but are not identical (Fig. 2.3a).  A comparison of 
the X and HSY sequences shows a clear border between the non-recombining region of the HSY and the 
PAR.  An alignment of X BAC 86B15 and HSY BAC SH60M19 sequences revealed a decline in single 
nucleotide polymorphisms (SNPs) and indels over the first 80 kb from the mapped border (Fig. 2.3b).  
The remaining 102 kb included only six SNPs and six single base pair indels, close to the sequencing 
error rate of 1 per 105 nucleotides (Table 2.1).  This molecular analysis shifts the location of border B 277 
kb beyond the genetically defined border. 
 
Gene content of the HSY and its X counterpart5 
Transcription units were identified in repeat-masked HSY and X sequences using papaya expressed 
sequence tags (ESTs), gene models, gene prediction programs (FgeneSH and GENSCAN), and homology 
to proteins found in the NCBI non-redundant protein database.  RT-PCR was performed and the products 
                                                            
5 The following individuals also contributed to the gene annotation of the HSY and X: Jennifer Han, Fanchang Zeng, Rishi Aryal, 
Robert VanBuren 
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were sequenced to verify transcript expression.  Each transcription unit was manually annotated and the 
resulting transcript nucleotide coding sequences were translated to identify pseudogenes, which were 
those that contained pre-mature stop codons, frame shift mutations, or truncated proteins.  A combined 
total of 124 transcription units were identified on the HSY and X, 70 of which are paired (a copy on both 
the HSY and X), 26 are HSY specific, and 28 are X specific (Table 2.2, Table 2.3, Table 2.4).  
The HSY region contains 96 transcripts, 72 (75%) of which are protein coding and 24 (25%) that 
are pseudogenes (Table 2.5).  The X has a total of 98 transcripts consisting of 83 (85%) protein coding 
and 15 (15%) pseudogene transcripts.   Of the106 in-tact protein coding genes, 49 have alleles on the X as 
well as the HSY, so are paired genes.  Twenty three are HSY specific and 34 are X specific, meaning a 
functional copy is not found in the corresponding region of the other sex chromosome.  Of the 23 HSY 
specific genes, seven genes have a pseudogene copy on the X and seven have copies in the autosome, 
leaving nine with unknown origins.  The X-specific genes have no autosomal copies and 10 pseudogene 
copies on the HSY, leaving 24 genes with unknown origins.     
The average gene density of the HSY is one gene per 112.5 kb, much lower than the one gene per 
43.2 kb in the corresponding X region.  Both the HSY and the X regions are more gene poor then the 
genome-wide average of one gene per 16 kb (Ming et al. 2008b).   
A large amount of pseudogenes were identified between the X and HSY.  Of the 35 pseudogenes 
in the sex determining regions, 4 are paired pseudogenes in both the X and HSY (Table 2.5).  There were 
a total of seven transcripts that had a functional gene on the HSY and a pseudogene on the X and 10 that 
had functional genes on the X, but pseudogene copies on the HSY.  There were 10 pseudogenes that were 
HSY specific and four that were only found on the X.  Three of the HSY specific pseudogenes had a 
functional copy in the autosome.  The remaining seven HSY specific pseudogenes and all 4 of the X-
specific pseudogenes had unknown origins. 
 
HSY specific genes 
The annotation of HSY specific genes is crucial for the identification of the male sex determination gene, 
promoting stamens.  Of the 33 HSY specific transcripts, 23 are protein coding and 10 are pseudogenes 
(Table 2.5).   Seven of the protein coding HSY genes have a pseudogene allele on the X.  Only nine of the 
transcripts have known functions, which were determined by homology to known genes in the NCBI non-
redundant protein database and identification of conserved domains (Table 2.3).  The majority of the 
transcripts with unknown function are one exon genes and many are very short ~100-400 bp.  Intron sizes 
of the HSY specific genes with multiple exons much larger than those of the X-specific genes, ranging 
from 28-63 kb.   
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Discussion 
The sequence of the papaya HSY and corresponding X allows for the first in-depth analysis of a 
plant sex chromosome pair.  Both the difference in physical map length and the resulting sequence length 
of the HSY and the corresponding X region indicate the HSY has expanded compared to the X.  The HSY 
is 8.1 Mb, over twice as large as the corresponding X sequence of 3.5Mb.  The size difference is mostly 
due to differences in repetitive element content between the X and HSY.  The HSY contains 79.3% 
repetitive elements, while the X has 67.2%, both of which are higher than the genome average of 51.9%, 
which suggests that the HSY has expanded (Wang et al. 2012, Ming et al. 2008b).  Without an outgroup, 
it cannot be definitively concluded that the HSY is expanding, but since the HSY differs most from the 
other genomics regions, this appears to be the case.  The next chapter, which compares the sex 
determining region to an orthologous region in an outgroup, further supports the conclusion that the HSY 
is expanding due to repetitive elements.    
What proportion of genes present in the ancestral chromosome region have copies whose 
functions have been lost since recombination stopped? Although a slightly higher proportion of the HSY 
than X sequences are pseudogenes (25% versus 15%), the difference is non-significant, and there are 4 
X/HSY pseudogene pairs. The sequences classified as pseudogenes have intact sequences, suggesting that 
their functions were only recently lost.  Roughly half of the coding sequences have Ka/Ks values close to 
or above 0.5, the value that would indicate that the HSY sequence might be evolving neutrally, suggesting 
loss of its function (Wang et al. 2012). 
When a gene copy exists in the HSY and an autosome, but not the X, loss from the X seems less 
likely than gain from the autosomes (i.e. movement from a heterologous chromosome).  Seven genes and 
three pseudogenes have autosomal copies, suggesting 10 genes were acquired from the autosome and 
three may have degenerated into pseudogenes (Table 2.5).  None of the X specific genes had copies in the 
autosome which leads to the conclusion that all of the X-specific genes and pseudogenes were present on 
the ancestral autosome.  The remaining 16 HSY protein coding genes and seven pseudogenes likely 
originated from the ancestral chromosome of XY pair.  Gene losses have also occurred, from both the 
HSY and the X region, contributing to the low gene density in the fully sex-linked region described 
above. 
Of the 124 transcription units annotated on the HSY and X, 10 were acquired from the 
autosomes, leaving 114 which were probably inherited from the ancestral autosome.  28 of the 114 (24 X 
genes and four pseudogenes) are missing from the HSY and 16 (9 HSY genes and 7 pseudogenes) are 
missing from the X (Fig. 2.4). This means the HSY is lacking functional copies of 52 genes (the 28 
missing gene and 24 pseudogenes) and the X is lacking 31 genes (16 missing genes and 15 pseudogenes).     
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The HSY also has fewer genes than the X region. Surprisingly, gene losses are apparent in the X-
linked region. This could partly be explained by both regions being located in the pericentromeric region 
of this chromosome (see next chapter). Based on the total of all transcriptional units found in either the X 
or HSY, it appears the X has completely lost 16 genes (now having no sequence homologous with nine 
HSY genes and seven HSY-specific pseudogenes), and has 15 pseudogenes. 
Once a gene loses its function (like the four pairs of X/HSY pseudogenes and the pseudogenes 
specific to the HSY or X) it can be deleted; if both the X and HSY alleles become lost, nothing would 
indicate that functional alleles once existed in both the X and the HSY. In the ancient human X strata, for 
instance, gene losses would be undetectable due to the massive losses from the Y chromosome; the X 
chromosome average of 140 kb per gene is lower than the genome wide value of 120 kb (Ross et al. 
2005), suggesting either X gene losses or expansion, or both. The human X chromosome has acquired 
genes from autosomes (Ross et al. 2005), but these data provide no evidence of gene gains by the papaya 
X. Gene losses from the X chromosome are, however, further supported by comparing part of the X with 
the orthologous autosome in V. monoica, a related monoecious species without sex chromosomes (see 
next chapter).   
The identification of the HSY-specific genes now makes it possible to identify candidates for the 
stamen promoting sex determination gene.  Some of the HSY specific transcripts can be eliminated as 
candidates for the gene, such as those with functional copies in the autosome.  Only about a third of the 
HSY specific genes have predicted functions, but many of the genes annotated on NCBI come from 
hermaphrodite model species, such as Arabidopsis and Vitis, which do not have separate sexes and 
therefore may be lacking the means to identify the master gene that triggers stamen development, or the 
gene may not be present in these species at all.  Also, many of the HSY specific transcripts are short, 
single exons genes, but the gene controlling fruit flesh color in papaya is a single exon lycopene β-
cyclase, CYC-b gene of 1,485 bp (Blas et al. 2010) and some Arabidospsis thaliana genes that code for 
secreted proteins are as small as 90bp (Hanada et al. 2007).  Though this dissertation does not contain the 
identity of the stamen promoting sex determination gene, candidates have been selected for further 
molecular studies and transformation.   
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Figures 
 
 
Fig 2.1.6 The physical map of the HSY with BAC clones on the minimum tilling path. Red lines represent individual BAC clone with clone ID on the top and estimated insert size 
at the bottom.  Blue dotted lines indicate the overlapping of neighboring BAC clones. K1 ~ K5 indicate the position of heterochromatic knob-like structures (Zhang et al. 
2008). Purple lines define the borders of the non-recombination region genetically determined by fine mapping.  The yellow dashed line represents a gap 
remaining in the map. 
                                                            
6 The HSY map was collaboratively built by myself, as well as Jianping Wang, Jong-Kuk Na, Qingyi Yu, Jan E. Murray, and Zdenek Kubat 
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Fig 2.2.7 The physical map of corresponding X region with BAC clones on the minimum tilling path. Red lines represent individual BAC clone with clone ID on the top and 
estimated insert size at the bottom.  Blue dotted lines indicate the overlapping of neighboring BAC clones. K1, K3, and K5 indicate the position of heterochromatic knob-like 
structures (Zhang et al. 2008). Purple lines define the borders of the non-recombination region genetically determined by fine mapping.  The yellow dashed line represents a 
gap remaining in the map.  
                                                            
7 The X map was collaboratively built by myself, as well as Jianping Wang, Jong-Kuk Na, Qingyi Yu, Jan E. Murray, and Zdenek Kubat 
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a. 
 
b. 
 
Fig. 2.3. Resolution of the X/HSY sequences in the Border B region. (A) The physical map. The dashed 
green line at the left represents the border defined by fine mapping, and the solid brown line at the right is 
the border defined by the numbers of sequence differences (see part B of the figure). The X molecules are 
in blue and the HSY molecules in red. (B) Numbers of differences (SNPs and indels) between the HSY 
BAC SH60M19 and the X border BAC SH86B15. 
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Fig. 2.4. Distribution of transcript-encoding sequences in the HSY and X.  (A) The distribution of 
transcription units on the HSY. The transcription unit total for the HSY includes the protein coding genes, 
pseudogenes, and the missing genes (X-specific genes or pseudogenes not found on the HSY or 
autosome). (B) The distribution of transcription units on the X-specific region. The transcription unit total 
for the X includes the protein coding genes, pseudogenes, and the missing genes (HSY-specific genes or 
pseudogenes not found on the X or autosome). The X transcription unit total does not include the HSY-
specific genes or pseudogenes that have an autosomal homolog.  
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Tables 
 
Table 2.1. The frequencies of SNPs and indels between the HSY BAC SH60M19 and the X border 
BAC SH86B15. 
  0‐20K  20‐40K  40‐60K  60‐80K 80‐100K 100‐120K 120‐140K 140‐160K  160‐182K
SNPs  477  141  168  8 0 0 0 2  4
Indels  77  20  11  1 2 0 0 1  3
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Table 2.2.8 Pairs of genes found in both the X and Yh sequences, and their positions in the X and HSY pseudomolecules. 
Gene 
Symbol 
Putative Function 
# of Exons 
Coding 
Sequence 
Length 
Intron length 
Autosome Homolog BAC
Linkage 
Group 
# 
Super
contig 
# 
% 
identity 
Position ID Position ID
X HSY X HSY X HSY X HSY
CpXYh1  Regulator of Vps4 activity in the MVB 
pathway 
6 6 2280 2265 2890 5378
     
77370‐
82539 
SH61H02 97148‐
104790 
SH95B12
CpXYh2  Somatic embryogenesis receptor 
kinase 
11 11 1884 1884 3734 3702
     
69931‐
75548 
SH61H02 89764‐
95349 
SH95B12
CpXYh3  Exocyst complex subunit SEC6  25 25 2268 2268 40497 7483
     
66454‐
91181 
SH31E12 1‐34368 SH95B12
                     
1‐32799 SH61H02 168590‐
173463 
SH49L11
**CpXYh4  Late embryogenesis abundant protein 
18 
1 1 293 293 n/a n/a
    
30641‐
30933 
SH31E12 103645‐
103938 
SH49L11
                         
73364‐
73657 
SH49L11
CpXYh5  4‐nitrophenylphosphatase  8 8 807 816 2444 2448
     
66241‐
69491 
SH79M13 95427‐
98690 
SH69E13
CpXYh6  FRA3 inositol or phosphatidylinositol 
phosphatase 
10 10 3336 3336 40354 65434
     
54810‐
98499 
SH54A04 6542‐
75311 
SH96A24
CpXYh7  Leucine zipper‐ef‐hand (Ca binding 
motif) 
14 14 2271 2286 10175 19777
     
59838‐
72283 
SH55B21 113904‐
135966 
SH96A24
CpXYh8  SYN4 (SISTER CHROMATID COHESION 
1 PROTEIN 4 
15 15 3618 3612 10487 9257
     
97208‐
111312 
SH55B21 73441‐
86309 
SH81O12
CpXYh9  Transcription regulator  1 1 1161 1161 n/a n/a
     
187518‐
188678 
SH55B21 129678‐
130838 
SH81O12
CpXYh10  Flowering locus t  4 4 525 525 1749 2024
     
87468‐
89741 
SH65C15 55397‐
57945 
SH78H09
CpXYh11  PWWP domain‐containing protein  1 1 3126 3111 n/a n/a
     
110760‐
113885 
SH69D24 95120‐
98230 
SH53G04
CpXYh12  ADP‐ribosylation factor A1B  5 6 552 558 6244 7526
     
159681‐
166476 
SH54M13 32224‐
40307 
SH81O12
CpXYh13  R2R3 Myb24 transcription factor 
(MYB24), 
3 3 579 579 2527 2613
     
74982‐
78087 
SH46O19 135292‐
138484 
SH90D06
                                                            
8 The following individuals also contributed to this table: Jennifer Han, Fanchang Zeng, Rishi Aryal, Robert VanBuren 
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Gene 
Symbol 
Putative Function 
# of Exons 
Coding 
Sequence 
Length 
Intron length 
Autosome Homolog BAC
Linkage 
Group 
# 
Super
contig 
# 
% 
identity 
Position ID Position ID
X HSY X HSY X HSY X HSY
CpXYh14  Monodehydroascorbate reductase  7 7 1437 1437 5378 16264
     
22083‐
28897 
SH46O19 93935‐
111635 
SH90D06
CpXYh15  FU (FUSED); protein serine/threonine 
kinase 
20 20 3804 3828 22887 22993
    
33225‐
59915 
SH55E02 56523‐
83343 
SH72L16
CpXYh16  Proteasome complex subunit  2 2 237 237 3485 3515 n/a  1914 100 136991‐
140712 
SH55E02 130400‐
134151 
SH72L16
CpXYh17  Peptidyl‐prolyl cis‐trans isomerase 
(CYP38) 
7 7 1347 1347 3097 3088
     
114633‐
119076 
SH23D07 36026‐
40460 
AM57M14
CpXYh18  Ruptured pollen grain 1  6 6 744 744 2458 2679
     
128038‐
131239 
SH23D07 15924‐
19346 
SH88A07
CpXYh19  Sequence‐specific DNA binding  4 4 819 819 4481 4482
     
24017‐
29316 
SH24L08 51193‐
56493 
SH88A07
CpXYh20  MBD9, methyl‐CpG binding  11 11 6612 6609 22522 37067
     
166625‐
195755 
SH84J07 91204‐
134880 
SH05K22
CpXYh21  Porin family 3  14 14 1272 1272 13810 13791
     
111656‐
126737 
SH84J07 29895‐
44957 
SH59G12
CpXYh22  MYB family transcription factor  2 2 243 243 166 166
     
87116‐
87524 
SH84J07 69860‐
70268 
SH59G12
CpXYh23  Carbonate dehydratase, zinc ion 
binding 
9 9 1011 1011 2022 2031
     
63692‐
66724 
SH84J07 77740‐
80781 
SH102N12
CpXYh24  5'‐AMP‐activated protein kinase beta‐
1 subunit‐related 
10 10 1779 1779 7079 7134
     
51917‐
60774 
SH84J07 67453‐
76365 
SH102N12
CpXYh25  Hypothetical protein  2 2 549 555 273 273
     
43556‐
44377 
SH84J07 58388‐
59215 
SH102N12
CpXYh26  Phospholipid‐transporting ATPase  9 9 2703 2718 4903 4772
     
2579‐
10170 
SH10J17 120094‐
127583 
SH64O06
CpXYh27  protein kinase  20 20 2091 2088 9032 8988
     
19577‐
30699 
SH53E18 34767‐
45842 
SH64O06
CpXYh28  Proteasome assembly chaperone 3  5 5 264 264 1019 1015
     
31445‐
32728 
SH53E18 32709‐
33988 
SH64O06
CpXYh29  N‐acetylglucosamine‐phosphate 
mutase 
9 7 1686 1362 32248 19588
     
86982‐
119229 
SH53E18 87673‐
107260 
SH59O17
CpXYh30  NUC (nutcracker); nucleic acid binding 1 1 209 312 n/a n/a
     
92981‐
93289 
SH53E18 92916‐
93227 
SH59O17
CpXYh31  Asymmetric leaves 2  1 1 618 618 n/a n/a
     
201739‐
202356 
SH53E18 135383‐
136000 
SH59O17
Table 2.2 (cont.) 
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Gene 
Symbol 
Putative Function 
# of Exons 
Coding 
Sequence 
Length 
Intron length 
Autosome Homolog BAC
Linkage 
Group 
# 
Super
contig 
# 
% 
identity 
Position ID Position ID
X HSY X HSY X HSY X HSY
CpXYh32  Ribonuclease P subunit  3 3 747 747 503 503 n/a  45 89‐92 46758‐
48017 
SH87M18 44020‐
45269 
SH05K22
CpXYh33  Protein kinase atmrk1  4 4 504 681 1559 1559
     
200558‐
202622 
SH49A07 57804‐
60043 
AM57M14
CpXYh34  Metal‐dependent phosphohydrolase 
HD domain‐containing protein 
19 18 1413 1413 7477 7339
     
155987‐
164916 
SH49A07 151017‐
159769 
SH75H06
CpXYh35  Calcium homeostasis regulater‐like 
protein 
3 3 819 819 873 883
     
150401‐
152093 
SH49A07 145436‐
147128 
SH75H06
CpXYh36  Formate dehydrogenase  6 6 1149 1149 1496 1497
     
147308‐
149953 
SH49A07 142343‐
144988 
SH75H06
CpXYh37  ERA1 (ENHANCED RESPONSE TO ABA 
1); farnesyltranstransferase 
14 14 1299 1299 5840 5859
     
100081‐
107219 
SH49A07 95081‐
102238 
SH75H06
CpXYh38  Integral membrane protein  3 3 903 903 1285 1285
     
93334‐
95521 
SH49A07 88332‐
90519 
SH75H06
CpXYh39  Exonuclease family protein  6 6 1017 1017 718 718
     
76141‐
77880 
SH49A07 71136‐
72875 
SH75H06
CpXYh40  Kinesin light chain  2 2 1845 1845 80 80
     
12067‐
13991 
SH49A07 7038‐
8962 
SH75H06
CpXYh41  Carboxilic ester hydrolase  5 5 1149 1150 1369 1368
     
8529‐
11046 
SH49A07 1176‐
3693 
SH58C24
CpXYh42  AO (L‐ASPARTATE OXIDASE); 
oxidoreductase 
7 7 1956 1956 3349 3349
     
4217‐
5228 
SH49A07 6994‐
12298 
SH58C24
CpXYh43  ADP‐ribosylation factor  10 10 1287 1287 15535 15247
     
167950‐
184772 
SH85C03 23653‐
40187 
SH58C24
CpXYh44  Protein phosphatase 4 core 
regulatory subunit R2 
9 9 897 897 29605 31227
     
125940‐
156442 
SH85C03 51396‐
83520 
SH58C24
CpXYh45  Guanosine‐3',5'‐bis(diphosphate) 3'‐
pyrophosphohydrolase 
11 11 1419 1419 41434 41537
     
71785‐
114637 
SH85C03 94730‐
137686 
SH58C24
CpXYh46  ‐‐‐NA‐‐‐  1 1 498 498 n/a n/a
     
62018‐
62515 
SH85C03 146943‐
147440 
SH58C24
CpXYh47  Mitochondrial NADH ubiquinone 
oxidoreductase 13kd‐like subunit 
2 2 174 174 158 158
     
43977‐
44309 
SH86B15 109287‐
109619 
SH60M19
CpXYh48  Pentatricopeptide repeat‐containing 
protein 
10 10 3354 3354 3148 3156
     
51972‐
58474 
SH86B15 117258‐
123768 
SH60M19
CpXYh49  Hypothetical protein  2 2 309 309 81 81
     
65923‐
66313 
SH86B15 131211‐
131601 
SH60M19
Table 2.2 (cont.) 
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Gene 
Symbol 
Putative Function 
# of Exons 
Coding 
Sequence 
Length 
Intron length 
Autosome Homolog BAC
Linkage 
Group 
# 
Super
contig 
# 
% 
identity 
Position ID Position ID
X HSY X HSY X HSY X HSY
PXYhCpXYh1  universal stress protein (USP) family 
protein 
4 4 852 840 37086 34346
     
69753‐
107690 
SH69D24 57117‐
92302 
SH53G04
PXYhCpXYh2  ‐‐‐NA‐‐‐  2 2 306 306 54 54
     
73287‐
73646 
SH40J04 73712‐
74071 
SH64O06
PXYhCpXYh3  chloroplast ribosomal protein L12 and 
tRNA‐Protein 
1 1 722 652 n/a n/a
     
12839‐
13560 
SH06M23 72741‐
94883 
SH62H24
PXYhCpXYh4  ‐‐‐NA‐‐‐  1 1 905 909 n/a n/a
     
45572‐
46477 
SH86B15 110870‐
111775 
SH60M19
 
PXYhCpXYh = Both X and Yh transcript units are pseudogenes. They are numbered in consecutive order as they appear on the X physical map.   
** duplication 
‡Gene spans 2 BACs 
NA- Not Available 
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Table 2.39.  List of Yh-specific genes plus pseudogenes in the HSY sequence with papaya autosomal homologs 
Gene 
Symbol 
Putative Function 
Number 
of Exons 
Coding 
Sequence 
Length 
Intron 
length 
Autosome Homolog  BAC 
Super‐
contig # 
Linkage 
Group 
Percent 
Identity 
Position  ID  Accession 
Number 
CpYh‐1  hypothetical protein  2 273 103 368 NA  100% 35858‐
36233 
AM125I09 AC239252
CpYh‐2  ‐‐‐NA‐‐‐  1 198 NA 1657 NA  100% 45118‐
45315 
AM125I09 AC239252
CpYh‐3  ‐‐‐NA‐‐‐  1 213 NA 10 5  81% 82486‐
82698 
SH67H04 AC238615
CpYh‐4  ‐‐‐NA‐‐‐  1 294 NA   146858‐
147151 
SH81O12 AC239165
CpYh‐5  ‐‐‐NA‐‐‐  2 153 2824   166701‐
169678 
SH81O12 AC239165
PXCpXYh6‡◊  latex cyanogenic beta 
glucosidase  13  1467  63949          
156303‐
178595,  SH81O12, 
SH32G10  AC238596 
40004‐
83126 
CpYh‐7**  ‐‐‐NA‐‐‐  1  237  NA          
184093‐
184330 
SH32G10 AC238596
77447‐
77683 
SH32G10 AC238596
CpYh‐8  ‐‐‐NA‐‐‐  1 105 NA 29 2  87% 47046‐
47150 
SH32G10 AC238596
CpYh‐9  ‐‐‐NA‐‐‐  1 318 NA 29 2  81% 46506‐
46824 
SH32G10 AC238596
PXCpXYh10◊  RNA recognition motif‐containing 
protein‐splicing factor 
16 1834 35818   43145‐
78963 
SH65D15 AC238767
CpYh‐11  ‐‐‐NA‐‐‐  3 420 1231   38621‐
40271 
SH65D15 AC238767
CpYh‐12  ‐‐‐NA‐‐‐  1 288 NA   23717‐
24004 
SH65D15 AC238767
CpYh‐13  ‐‐‐NA‐‐‐  1 261 NA   22245‐
22705 
SH65D15 AC238767
PXCpXYh14  Chromatin/Nucleosome 
assembly factor 
19 2736 6282   144247‐
153264 
SH50M09 AC238602
                                                            
9 The following individuals also contributed to this table: Jennifer Han, Fanchang Zeng, Rishi Aryal, Robert VanBuren 
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Gene 
Symbol 
Putative Function 
Number 
of Exons 
Coding 
Sequence 
Length 
Intron 
length 
Autosome Homolog  BAC 
Super‐
contig # 
Linkage 
Group 
Percent 
Identity 
Position  ID  Accession 
Number 
PXCpXYh15◊  ‐‐‐NA‐‐‐  1 965 NA   45539‐
46503 
SH69E13 AC238619
CpYh‐16  ‐‐‐NA‐‐‐  1 336 NA   82847‐
83182 
SH72J22 AC238620
CpYh‐17  ‐‐‐NA‐‐‐  2 348 173   31224‐
31744 
SH71E16 AC239163
CpYh‐18**  ‐‐‐NA‐‐‐  2  936  37  211  6  100% 
29807‐
30779 
SH71E16 AC239163
25944‐
26916 
SH71E16 AC239163
CpYh‐19†  MADS_box protein  7 554 5369 55 2  93% 7864‐13719, 
22092‐
SH71E16 AC239163
CpYh‐20  ‐‐‐NA‐‐‐  2 396 216   10200‐
10811 
SH71E16 AC239163
PXCpXYh21  ‐‐‐NA‐‐‐  1 363 NA 35 10 & 8  90% 59558‐
59920 
SH64O06 AC239158
PXCpXYh22  ‐‐‐NA‐‐‐  1 432 NA   75917‐
76651 
SH23L24 AC238593
PXCpXYh23  exportin 1a  36 3684 17117   84828‐
105629 
SH60M19 JN088492
PCpYh‐1  zinc finger‐homeodomain 
protein 
2 701 34 55 2  92% 75917‐
76651 
SH85B16 AC238630
PCpYh‐2  ‐‐‐NA‐‐‐  1 1062 NA   139702‐
140763 
SH81O12 AC239165
PCpYh‐3  ‐‐‐NA‐‐‐  1 2366 NA   71306‐
73658 
SH32G10 AC238596
PCpYh‐4  photosystem II protein D1  2 490 28 3 10 & 8  95% 13836‐
14353 
SH32G10 AC238596
PCpYh‐5  ‐‐‐NA‐‐‐  1 234 NA   114992‐
115225 
SH65D15 AC238767
PCpYh‐6◊  ‐‐‐NA‐‐‐  1 237 NA   86266‐
86502 
SH65D15 AC238767
PCpYh‐7  ‐‐‐NA‐‐‐  1 447 NA   84427‐
84873 
SH65D15 AC238767
PCpYh‐8  ‐‐‐NA‐‐‐  2 375 29917   157607‐
157839 
SH50M09 AC238602
Table 2.3 (cont.) 
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Gene 
Symbol 
Putative Function 
Number 
of Exons 
Coding 
Sequence 
Length 
Intron 
length 
Autosome Homolog  BAC 
Super‐
contig # 
Linkage 
Group 
Percent 
Identity 
Position  ID  Accession 
Number 
PCpYh‐9  ‐‐‐NA‐‐‐  1 320 NA   86998‐
87317 
SH72J22 AC238620
PCpYh‐10  ATP synthase CFO subunit 1 
protein 
2 434 524 30 11 & 9  95% 63737‐
64694 
SH20J12 AC239142
 
Pseudogenes are denoted by a "P" and both HSy-specific genes and pseudogenes are numbered in consecutive order as they appear on the HSY physical map.       
**Gene is duplicated         
† Gene spans 2 unordered BAC contigs, which is reflected in the BAC position, and the actual coding and intron length are larger than what is listed in the table. 
‡Gene spans 2 BACs         
◊Gene is fragmented on the X due to gaps in the X BAC sequence.  Whether this gene is truly a pseudogene on the X is unknown.     
NA- Not Available         
Table 2.3 (cont.) 
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 Table 2.410. List of papaya X-specific genes and pseudogenes in the papaya X sequence 
Gene 
Symbol  
Putative function 
# of 
Exons 
Coding 
Sequence 
Length 
Intron length 
Autosome Homolog 
BAC position  BAC ID 
Accession 
Number Linkage 
Group # 
Super‐
contig 
# 
% 
identity 
CpX‐1  ‐‐‐NA‐‐‐  1 355 NA    124509‐124863 SH61H02 EF661023
PYhCpXYh2  ‐‐‐NA‐‐‐  1 369 NA    11583‐11951 SH61H02 EF661023
PYhCpXYh3  ‐‐‐NA‐‐‐  1 600 NA    4966‐5565 SH61H02 EF661023
CpX‐4  Late embryogenesis 
abundant protein 18(lEA6)  1  294  NA           30640‐30933  SH31E12  AC238595 
PYhCpXYh5  ‐‐‐NA‐‐‐  1 261 NA    26912‐27172 SH31E12 AC238595
CpX‐6  ‐‐‐NA‐‐‐  2 351 71    9356‐9777 SH31E12 AC238595
PYhCpXYh7  EMB506 (embryo defective 
506)  7  813  2034           87299‐90145  SH14F24  FJ429365 
CpX‐8  ‐‐‐NA‐‐‐  4 1104 3143    606‐4852 SH79M13 AC239204
CpX‐9  ‐‐‐NA‐‐‐  3 468 140    33662‐34269 SH79M13 AC239204
CpX‐10  ‐‐‐NA‐‐‐  2 432 532    51828‐52791 SH79M13 AC239204
CpX‐11  ‐‐‐NA‐‐‐  1 207 NA    58107‐58313 SH79M13 AC239204
CpX‐12  ‐‐‐NA‐‐‐  1 183 73    140453‐140708 SH79M13 AC239204
CpX‐13  Beta‐hexosaminidase  4 375 1564    145210‐147148 SH79M13 AC239204
CpX‐14  Beta‐hexosaminidase  2 273 67    70136‐70475 SH83B06 AC238628
                                                            
10 The following individuals also contributed to this table: Jennifer Han, Fanchang Zeng, Rishi Aryal, Robert VanBuren 
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Gene 
Symbol  
Putative function 
# of 
Exons 
Coding 
Sequence 
Length 
Intron length 
Autosome Homolog 
BAC position  BAC ID 
Accession 
Number Linkage 
Group # 
Super‐
contig 
# 
% 
identity 
CpX‐15  ‐‐‐NA‐‐‐  1 775 NA    76137‐76911 SH83B06 AC238628
CpX‐16  ‐‐‐NA‐‐‐  1 246 NA    125817‐126062 SH83B06 AC238628
CpX‐17  ‐‐‐NA‐‐‐  1 186 NA    75754‐75939 SH54A04 AC239201
CpX‐18  ‐‐‐NA‐‐‐  1 249 NA    109919‐110167 SH54A04 AC239201
CpX‐19  Defensin protein                         1  178  NA           140283‐140460  SH54A04  AC239201 
CpX‐20  ‐‐‐NA‐‐‐  1 249 NA    133351‐133599 SH55B21 FJ429367
CpX‐21  ‐‐‐NA‐‐‐  1 474 NA    157918‐158391 SH55B21 FJ429367
PYhCpXYh22  Vps51/Vps67 family protein   6 3240 16497    178754‐180952 SH51A03 AC238603
PYhCpXYh23  Hypothetical protein  1 339 NA    86822‐87160 SH69D24 AC239162
CpX‐24  ‐‐‐NA‐‐‐  1 206 NA    3337‐3542 SF08K16 AC239251
CpX‐25  ‐‐‐NA‐‐‐  1 195 NA    48016‐48210 SH54M13 AC238609
CpX‐26  ‐‐‐NA‐‐‐  1 387 NA    74095‐74481 SH38K02 AC239149
PYhCpXYh27  ‐‐‐NA‐‐‐  2 252 36    142159‐142446 SH23D07 AC238592
PYhCpXYh28  DegP protease precursor  7 1029 6420    100325‐107773 SH84J07 AC238629
CpX‐29  ‐‐‐NA‐‐‐  1 465 NA    20405‐20869 SH40J04 AC238598
PYhCpXYh30  ‐‐‐NA‐‐‐  1 684 NA    83840‐84523 SH40J04 AC238598
PYhCpXYh31  Hypothetical protein  2 465 157 NA 3104 94  52581‐53202 SH53E18 EF661026
Table 2.4 (cont.) 
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Gene 
Symbol  
Putative function 
# of 
Exons 
Coding 
Sequence 
Length 
Intron length 
Autosome Homolog 
BAC position  BAC ID 
Accession 
Number Linkage 
Group # 
Super‐
contig 
# 
% 
identity 
CpX‐32  ‐‐‐NA‐‐‐  1 170 NA    125470‐125639 SH53E18 EF661026
CpX‐33  ‐‐‐NA‐‐‐  2 135 45    197429‐197608 SH53E18 EF661026
CpX‐34  ‐‐‐NA‐‐‐  1 315 NA    242470‐242784 SH53E18 EF661026
PCpX‐1  Aspartic proteinase family 
protein  1  1185  NA           119238‐120423  SH61H02  EF661023 
PCpX‐2 
Angio‐associated migratory 
cell protein/transducin 
family protein  
3  376  465           117541‐118381  SH61H02  EF661023 
PCpX‐3  ‐‐‐NA‐‐‐  1 153 NA    109764‐109916 SH54A04 AC239201
PCpX‐4  ‐‐‐NA‐‐‐  1 352 NA    65772‐66123 SH51A03 AC238603
 
Pseudogenes are denoted by a "P" and are numbered in consecutive order as they appear on the physical map. 
The X-specific genes are numbered as they appear on the X physical map.  For a compiled list of the paired, HSY, 
and X genes, numbered in order, see Table 2.5.   
NA- Not Available      
Table 2.4 (cont.) 
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Table 2.5.  Summary of transcripts found on the HSY and in the corresponding X chromosomal 
region. 
  
Total Genes 
% of 
combined 
transcription 
units 
Known 
genes 
% of known 
genes 
New genes 
(unknown 
functions) 
% of unknown 
genes 
Transcription Units HSY  X  HSY X HSY X HSY X HSY X  HSY X
Combined transcription 
i *
124  100 70 56.5 54  43.5
Total transcription units  96  98  77.4 79.0 64 65 61.5 60.2 32 33  28.1 30.6
  Pairs of sequences  70  56.5 59 84.3 11  15.7
  Specific to HSY or X1  26  28  21.0 22.6 5 6 19.2 21.4 21 22  80.8 78.6
Combined protein coding 
i
106  85.5 63 59.4 43  40.6
Total protein coding 
i
72  83  75.0 84.7 54 55 75.0 68.7 18 26  25.0 31.3
  HSY/X pairs of 
i i i
49  39.5 48 98.0 1  2.0
     Autosomal origins  2  1.6 2 100 0  0
  Specific to HSY or X 1  23  34  18.6 27.4 6 9 26.1 26.5 17 25  73.91 73.5
     Pseudogene  7  10  5.7 8.1 4 5 57.1 50.0 3 5  42.9 50.0
     Autosomal origins  7  0  5.6 0 2 0 28.6 0 5 0  71.4 0.0
     Unknown origins   9  24  7.3 19.4 0 4 0 16.7 9 20  100 83.30
Combined pseudogenes  35  28.2 16 45.7 19  54.3
Total pseudogene 
i i i
24  15  25.0 15.3 10 8 46.7 53.3 14 7  58.3 46.7
  Pseudogene‐pseudogene 
i
4  3.2 2 50.0 2  50.0
  Pseudogene (‐gene 
**
17  13.7 9 66.7 8  47.1
     X pseudogene‐HSY  7  7  — 5.7 — 4 — 66.7 — 3  — 33.3
     HSY pseudogene‐X  10  10  8.1 — 5 — 50.0 — 5 —  50.0 —
  Specific to HSY or X  10  4  8.1 3.2 3 2 30.0 50.0 7 2  70.0 50.0
     Autosomal origins  3  0  2.4 0 3 0 100 0 0 0  0 0
     Unknown origins   7  4  5.6 3.2 0 2 0 50.0 7 2  100 50.0
*See Fig. 2.4 for the distribution of each category.   
** These pseudogenes are included twice in the table, once in the Paired: pseudogene-gene category (17 
transcripts) and again in the HSY- or X-specific gene category (7 and 10 transcripts, respectively). They 
are only counted once in the combined transcript unit total. 
1The HSY specific and X specific total numbers of transcription units include HSY- and X-specific 
protein coding transcripts (16 and 24 transcript units, respectively) and HSY- and X-specific pseudogenes 
(10 and 4 transcript units, respectively). The HSY- and X-specific totals of protein-coding transcript units 
include 16 HSY-specific and 24 X-specific protein-coding transcript units, as well as the 7 and 10 gene-
pseudogene pairs of transcript units respectively.  
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CHAPTER 3: RAPID DIVERGENCE AND EXPANSION OF THE 
X CHROMOSOME IN PAPAYA11 
 
 
Abstract 
X chromosomes have long been thought to conserve the structure and gene content of the 
ancestral autosome from which the sex chromosomes evolved. The recently evolved papaya sex 
chromosomes were compared with a homologous autosome of a close relative, the monoecious 
Vasconcellea monoica, to infer changes since recombination stopped between the papaya sex 
chromosomes. Twelve V. monoica bacterial artificial chromosomes were sequenced, 11 corresponding to 
the papaya X-specific region, and one to a papaya autosomal region. The combined V. monoica X-
orthologous sequences are much shorter (1.10 Mb) than the corresponding papaya region (2.56 Mb). 
Given that the V. monoica genome is 41% larger than that of papaya, this suggests considerable expansion 
of the papaya X; expansion is supported by a higher repetitive sequence content of the X. The alignable 
regions include 27 transcript-encoding sequences, only six of which are functional X/V. monoica gene 
pairs. Sequence divergence from the V. monoica orthologs is almost identical for papaya X and Y alleles; 
the Carica-Vasconcellea split therefore occurred before the papaya sex chromosomes stopped 
recombining, making V. monoica a suitable outgroup for inferring changes in papaya sex chromosomes. 
The papaya X and the HSY and V. monoica have all gained and lost genes, including a surprising amount 
of changes in the X.  
 
 
Introduction 
Papaya (Carica papaya L.) is a trioecious tropical fruit crop that has a nascent XY sex chromosome 
system, in which the sex determining region occupies a small fraction of the X/Y chromosome pair (Liu 
et al. 2004; Yu et al. 2008a; Na et al. 2012). Papaya has two slightly different Y chromosomes that 
diverged about 73,000 years ago, Y in males and Yh in hermaphrodites (Yu et al. 2008b). All genotypes 
without X chromosomes (YY, YYh, and Yh Yh) are lethal in early development, resulting in 25% aborted 
seeds in selfed hermaphrodites and in crosses between hermaphrodites and males (Ming et al. 2007), 
indicating that both Y types have lost at least one gene essential for development.  
Papaya belongs to the family Caricaceae, with six genera and 35 species, 32 of which are dioecious, 
while two are trioecious (with male, female, and hermaphrodite individuals) and one, Vasconcellea 
                                                            
11 This chapter was submitted in its entirety to the journal PNAS and co-authors contributed to the work in this chapter:: 
Gschwend AR, Yu Q, Tong EJ, Zeng F, Han J, VanBuren R, Aryal R, Charlesworth D, Moore PH, Paterson AH, Ming R. (2012) 
Rapid divergence and expansion of the X chromosome in papaya. PNAS (In Press). 
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monoica, is monoecious (with male and female flowers on a single plant). The predominance of dioecious 
species suggests that dioecy is ancestral in this family and that the trioecious and monoecious species 
evolved recently. V. monoica does not have chromosomes, since there is no sexual dimorphism among 
individuals, and there is a single sequence corresponding to each of the several papaya X/Yh gene pairs 
tested, whereas distinct X and Y alleles were detected in several dioecious Vasconcellea species (Wu et 
al. 2010).  
V. monoica therefore provides an opportunity to compare the recently evolved sex chromosomes 
of papaya with an orthologous autosome. Nascent sex chromosomes in several flowering plants and fish 
have clearly evolved from autosomes (Liu et al. 2004; Peichel et al. 2004; Filatov 2005; Yin et al. 2008; 
Spigler et al. 2008). V. monoica and papaya are closely related (see sequence divergence results below) 
and both have nine chromosome pairs, suggesting that one of the autosomal pairs in V. monoica 
corresponds to the papaya sex chromosome pair (Pedro et al. 2009). However, an important issue is 
whether the orthologous V. monoica autosome is suitable as an outgroup for inferring changes in the two 
sex chromosomes; to be suitable, it should have had no history of being a sex chromosome in a dioecious 
species, and thus be likely to reflect the ancestral state. Given that the non-dioecious species probably 
evolved from an ancestral dioecious species, we cannot a priori assume this. The cosexual state of 
monoecy in V. monoica could have arisen via recent loss of dioecy rather than retention of the ancestral 
state. The evolution of monoecy could have involved a reverse mutation or modification of one of the sex 
determination genes in a dioecious common ancestor with papaya, or a mutation elsewhere in the 
genome. Analysis of X/Y gene pairs in papaya and selected Vasconcellea dioecious species suggested 
that the sex chromosomes in dioecious Vasconcellea species evolved after the separation of Carica and 
Vasconcellea and that papaya sex chromosomes are older (Yu et al. 2008a; Wu et al. 2010). V. monoica 
and the dioecious Vasconcellea species therefore probably split from papaya either before, or soon after, 
the papaya X/Y pair stopped recombining, when the non-recombining region was, at most, very young; 
confirming evidence of which is presented below. Thus it is reasonable to use V. monoica to infer the 
state of the papaya X/Y pair’s ancestral autosome, and this is the approach used in this study.  
Here the papaya X-specific sequences are compared with orthologous V. monoica bacterial 
artificial chromosome (BAC) sequences to study changes in the papaya X-specific region since 
recombination was suppressed between the small sex determining hermaphrodite specific region of the Yh 
chromosome (HSY) and the corresponding X region. Although other studies have compared the ancient 
human X and chicken Z chromosomes with their orthologous autosomal regions in distantly related 
species (Charchar et al. 2003; Ross et al. 2005; Bellott et al. 2010), this study is the first detailed direct 
comparison between a newly evolved X-specific chromosomal region and its non-sex chromosomal 
homologue in a close relative. 
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Materials and Methods 
 
 
V. monoica BAC library screening and DNA isolation. 
 The Vasconcellea monoica bacterial artificial chromosome (BAC) library was screened following the 
DIG High Primer DNA Labeling and Detection Starter Kit II (Roche) protocol, using probes designed 
from papaya X BACs located throughout the X-linked region and a probe designed from a papaya 
autosomal BAC. Twelve positive BACs were confirmed using PCR, eleven corresponding to the X-linked 
region, and one corresponding to the papaya autosomal region. A mini-prep BAC DNA isolation was 
performed to check the insert size of each BAC via CHEF gel electrophoresis. The BAC-carrying cells 
were grown at 37°C overnight using glycerol stock from a single colony and isolated using the BACMAX 
DNA purification kit from EPICENTER biotechnologies (cat# BMAX044).   
 
RNA isolation.  
RNA for RT-PCR (see below) was isolated from Vasconcellea monoica leaves and flowers using the 
phenol/chloroform method. RNA quality was tested using gel electrophoresis, treated with DNase, and 
reverse transcribed into cDNA using ImProm-II Reverse Transcription System from Promega 
(Cat#A3800). 
 
BAC sequencing. 
Eleven V. monoica BACs (~1.10 Mb) corresponding to the X-linked region of the papaya X chromosome 
(~2.56 Mb) and one V. monoica BAC (~100 kb) corresponding to a papaya autosomal region (~72.8 kb) 
were sequenced, using Sanger and 454 sequencing technology, and assembled, using Roche’s GS 
assembler, leaving only a few gaps in the sequences. BAC sequences are available through NCBI. 
 
BAC sequence re-ordering.   
Two V. monoica BACs, MN15I14 and MN20D10, which are in four and five contigs, respectively, were 
both re-ordered after being aligned to the corresponding completed papaya BACs.  This resulted in some 
changed X-specific and autosomal gene locations from those of the BACs submitted to NCBI, which 
were unordered upon submission. 
 
C. papaya and V. monoica alignments. 
The 11 V. monoica BACs, as well as the corresponding 16 BACs and two contigs of the papaya X-
specific region, were combined to make V. monoica and papaya pseudomolecules and a synteny analysis 
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and dot plot comparison were performed by Symap using the default settings (Soderlund et al. 2006). 
Chromosome expansion and collinearity analyses were performed using the genome alignment tool 
Mauve with the default settings (Darling et al. 2010). Sequence comparisons between the papaya X-
linked pseudomolecule and V. monoica pseudomolecule, as well as the papaya and V. monoica autosomal 
BACs, were carried out using the Artemis Comparison Tool (ACT) developed by the Sanger Institute 
with a 500bp alignment length. 
 
C. papaya and V. monoica repeat analysis.  
To annotate repetitive sequence, a combination of TEdenovo from the REPET pipeline (Flutre et al. 
2011), RepeatScout (Price et al. 2005), and Recon1.05 (Bao and Eddy 2002) repeat annotation software 
were used to identify novel V. monoica-specific repetitive elements. 11 BACs from V. monoica 
corresponding to the X-linked region in papaya, as well as 1 autosomal BAC and whole genome shotgun 
assemblies of V. monoica genomic DNA were used to create a custom repeat dataset. Redundancies in the 
dataset were eliminated using CD-HIT software (Li and Godzik 2006). V. monoica specific repeats were 
combined with Repbase (Jurka 2005), TIGR plant repeats 
(ftp://ftp.tigr.org/pub/data/TIGR_Plant_Repeats), and papaya-specific repeats (Nagarajan et al. 2008) to 
generate a custom library. This non-redundant library was used with RepeatMasker to mask repeats in the 
12 V. monoica BACS. A strict cutoff value of 350 was used to ensure that only true repetitive elements 
were masked. Repetitive elements for the papaya whole genome and X region were taken from Ming et 
al. (2008) and Wang et al. (2012) respectively (Ming et al. 2008b; Wang et al. 2012). Given the small 
sample size of V. monoica BACs and low copy number of some repeats, the reported repeat percentages 
are likely to be lower than the true values.  
 
V. monoica gene prediction.   
Genes were predicted in the V. monoica BACs using Genscan (http://genes.mit.edu/GENSCAN.html) and 
FGENESH (http://linux1.softberry.com/berry.phtml), as well as homology to papaya expressed sequence 
tags (ESTs) and gene models. The papaya autosomal and X BACs were previously annotated (Wang et al. 
2012; Blas et al. 2010). V. monoica genes were confirmed through RT-PCR, with primers designed using 
primer3 (http://frodo.wi.mit.edu/primer3/) to span at least one intron, if possible. V. monoica leaf and 
flower cDNA were synthesized using Promega ImProm-II Reverse Transcription System (Cat.# A3800). 
The PCR products were sequenced using Sanger sequencing, and manually edited in Sequencher 4.1.10 
(Gene Codes Corporation, 2011). The confirmed genes were blasted to the NCBI non-redundant protein 
database to predict gene structure and gene function through homology. Each individual transcript was 
translated, and those with premature stop codons are classified as pseudogenes.  
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Genes were predicted in V. monoica BACs MN96C09-MN20D10 and SH79M13-SH49A07, 
which correspond to regions that fall within the non-recombining HSY-specific region in papaya.  The 
other V. monoica and papaya BACs not analyzed here correspond either to regions that lie on or beyond 
Borders A and B defined by the HSY physical map.  Genes were annotated in the 703 kb of V. monoica 
sequence, and the 1,820 kb of papaya X sequence corresponding to the BACs mentioned above.     
 
Ka/Ks and divergence time analysis.  
V. monoica and papaya gene pairs were manually annotated for exon and intron regions using EST 
sequences, RT-PCR, and homology with genes in the NCBI database. The sequences were aligned using 
SeaView v4 (Gouy et al. 2010) and exported into DnaSP v5 (Librado and Rozas 2009) to estimate 
synonymous substitutions per synonymous site (Ks), non-synonymous substitutions per non-synonymous 
site (Ka), and synonymous and non-coding plus synonymous substitutions were used to estimate 
substitutions per silent site (Ksil) using Nei and Gojobori’s method (Nei and Gojobori 1986). Divergence 
times were calculated using the Ksil values, calibrated with the synonymous substitution rate of 4 x10-9 
substitutions per synonymous site per year determined for Arabidopsis, a member of Brassicacea, the 
closest family to Caricaceae, (Beilstein et al. 2010). CpXYh20, CpXYh29, and CpXYh37 were removed 
from the time divergence analysis due to missing sequence data (incomplete intron sequences).  
Divergence times were also estimated for three of the five autosomal gene pairs.  Expansion within the 
introns of the V. monoica copy of VmA2 prevented an estimate of Ksil for this gene and CYC-b is a single 
exon gene, so Ksil analyses could not be performed.   
 
V. monoica genome size.   
The genome size of Vasconcellea monoica, Accession# HCAR171, was determined through flow 
cytometry by the Flow Cytomerty and Imaging Core Laboratory at the Virginia Mason Research Center, 
Seattle, WA, following the protocol reported by VanBuren et al. (2011).  Internal standards of chicken red 
blood cells (2.5 pg/2C), Glycine Max (2.35 pg/2C), Oryza sativa cv Nipponbare (0.96 pg/2C), and 
Arabidopsis thaliana (0.36 pg/2C) were utilized to determine genome size.      
 
V. monoica genome survey sequencing.  
The V. monoica whole genome was survey sequenced using one lane of Illumina sequencing and the 
sequences are available at (http://www.life.illinois.edu/ming/LabWebPage/Downloads.html).  
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Results  
 
Physical mapping, sequencing, and alignment of V. monoica12 
To identify the V. monoica genome region homologous with the papaya X-specific region, probes were 
designed from the X-specific region of papaya and were hybridized to a V. monoica BAC library. Eleven 
V. monoica BACs and their orthologous sequences from papaya X-specific BACs were assembled and 
compiled into two separate pseudomolecules, ordered according to the papaya X physical map, and 
aligned to one another (Fig. 3.1a, Table 3.1) (Na et al. 2012). The V. monoica pseudomolecule is 1.1 Mb, 
whereas the corresponding papaya X pseudomolecule is 2.56 Mb, 133% larger, and an alignment revealed 
three syntenic regions (Fig. 3.2a and 3.3a).   
An autosomal BAC in papaya and its orthologous region in V. monoica were also compared.  The 
papaya autosomal BAC (DM105M02, 73 kb) and the corresponding V. monoica BAC (MN15I14, 102 kb) 
are collinear with one shared syntenic region, and the alignable sequences are shorter in papaya (37kb) 
than in  V. monoica (99 kb) (Fig. 3.2b and 3.3b). 
The V. monoica genome is estimated to be 626 Mb, about 41% larger than the 372 Mb papaya 
genome, which suggests a striking expansion of the papaya X-specific region, compared with the 
ancestral chromosome (Arumuganathan and Earle 1991a; Ming et al. 2008b). The papaya HSY is 131% 
larger than the X region (Wang et al. 2012), making it about 5.4 times larger than the V. monoica 
orthologous region. 
  
Gene content and order13  
Genes were annotated in the V. monoica pseudomolecule and the corresponding papaya X 
pseudomolecule. In the V. monoica pseudomolecule, 19 transcription units were annotated, including 15 
intact protein coding genes and four pseudogenes (Table 3.2 and 3.3). Only six intact protein-coding 
genes are shared between the papaya X-linked region and the corresponding V. monoica region, while 
nine are V. monoica-specific. All four pseudogenes in V. monoica correspond to functional alleles in the 
X and HSY.  
In the papaya X pseudomolecule, a total of 18 transcription units were annotated, again including 
16 intact protein coding genes (the six mentioned above that are shared with V. monoica, and 10 X-
specific genes), and two pseudogenes (Table 3.2 and 3.3). The two pseudogenes are X-specific, only one 
of which is shared with the papaya HSY.  
                                                            
12 The following individuals also contributed to the physical mapping (Qingyi Yu, Eric J. Tong), sequencing (Qingyi Yu, Eric J. 
Tong, Jennifer Han), and alignment (Fanchang Zeng) of V. monoica.. 
13 The following individuals also contributed to the annotation of the V. monoica genes Jennifer Han, Fanchang Zeng, Rishi 
Aryal, Robert VanBuren. 
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Overall, of the 27 transcription units annotated in the combined sequences from both species, 
eight are missing from V. monoica, including six X-specific genes and two X-specific pseudogenes, and 
nine genes are missing from the X sequence, but have functional orthologs in V. monoica (Table 3.2). 
Two X chromosome genes have become pseudogenes, whereas five of the eight X-specific genes (with no 
homologs in the orthologous V. monoica region) have either functional or pseudogene copies in the HSY 
(Table 3.3). Only one X-specific gene has a homolog elsewhere in the draft genome of V. monoica. Three 
genes with homologs in papaya autosomes are present in the V. monoica sequence corresponding to the 
X-specific region, but are not found in the X-specific region.  
In contrast to the sex-specific regions, all five transcripts found in the V. monoica autosomal BAC 
are also present in the papaya autosomal BAC (Table 3.2 and 3.4), and neither autosomal BAC contains 
any pseudogenes. 
The five genes aligned between the papaya and V. monoica autosomal BACs retained the same 
gene order; the order of nine of the 10 transcription units shared between the papaya X-linked region and 
V. monoica is conserved, but the X-linked gene, CpXYh27, has rearranged (Fig. 3.4a and b). CpXYh27 is 
predicted to be a protein kinase and appears to have a functional copy in the papaya X and HSY, as well 
as in V. monoica, on BAC MN86B21 (Table 3.3). 
 
Gene density 
The papaya autosomal BAC has an average of one gene per 7.4kb, compared with one gene per 19.8kb in 
the homologous V. monoica autosomal BAC studied, consistent with the larger V. monoica genome 
(Table 3.5). However, this papaya BAC gene density is about twice the genome-wide average (1 gene per 
16kb) (Ming et al. 2008b). In the sequence corresponding to the sex-determining region, there is a greater 
difference in gene densities between the two species, and the difference is reversed. In the V. monoica 
pseudomolecule, there is one gene per 46.9kb, versus one per 130kb in the papaya X-linked 
pseudomolecule. Both densities are considerably lower than in the autosomal regions.  
 
Repetitive sequences 
About half (49.4%) of the excess length of the X sequence is within three syntenic regions (Fig 3.3a, Fig. 
3.5a and b, Table 3.6), which include five large blocks of retroelements in papaya compared with fewer 
retroelements in the V. monoica orthologous region (Fig 3.2c, Table 3.7). There is also a region of gypsy 
LTR retroelement duplication located between syntenic areas one and two that further enlarge the X-
specific region (Fig. 3.2a and 3.3a). LTR elements account for 45.6% of the X pseudomolecule, whereas 
these elements only constitute 33.5% of the papaya draft genome (Ming et al. 2008b) (Table 3.8). The 
overall repetitive element content of the X pseudomolecule is 65.4%, again greater than the papaya 
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genome wide average of 52% and the average of 26.2% for pseudoautosomal region of papaya X (Ming 
et al. 2008; Wang et al. 2012).  
 
Putative centromeric location of the sex-determining region   
An interesting pattern was observed in repetitive element content of the individual papaya X region BACs 
and homologous V. monoica BACs. The papaya X-linked BACs gradually increase in repetitive element 
content, starting from contig Ctg11941 to Ctg08318, with 31% repetitive element content, and peaking in 
BACs SH65C15-AM136D11 and SH54M13, containing 82% and 87% repetitive elements, respectively. 
The repetitive element content then declines again towards the other border (border B of Fig.3.1), where 
BAC SH86B15 has 49% repetitive element content (Fig. 3.6 and Table 3.9). The V. monoica BACs 
follow the same pattern, with repetitive sequence increasing approaching the region where the X gap is 
located, peaking at 86% directly adjacent to the gap region, and then decreasing towards the border B 
region (Fig. 3.6 and Table 3.10). These results are suggestive that the location of the centromere may be 
in this region in both species.  
 
Divergence times14  
As mentioned above, it is necessary to establish the suitability of V. monoica as an outgroup species for 
inferring changes in the papaya sex chromosomes. This can be tested by comparing silent DNA sequence 
substitutions between V. monoica sequences, versus orthologs on the papaya X and Yh chromosomes. If 
the X and Yh had diverged long before the split of the species, V. monoica sequences in the region should 
be most similar to the X or to the Y, depending on the genetic basis of the reversion to monoecy. Silent 
site substitutions per silent site (Ksil) were therefore estimated. The Ksil values between V. monoica and 
papaya X alleles are similar to those between V. monoica and the HSY alleles (the difference is not 
significant, p = 0.47), and are also similar to the values between autosomal orthologs from the two species 
(p = 0.14) (Table 3.11). This indicates that the split must have occurred when the X and Y still had not 
diverged, thus V. monoica is a suitable out group. 
The Ksil values lead to an estimated divergence time between V. monoica and papaya of about 
23.2 million years (MY) using autosomal gene pairs (Table 3.11), close to the 27.5 MY previously 
estimated (Carvalho and Renner 2012).  
 
 
 
 
                                                            
14 Jennifer Han and Deborah Charlesworth also contributed to the divergence time analysis. 
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Analysis of non-synonymous substitutions15 
We tested whether the HSY is accumulating an excess number of non-synonymous substitutions, as 
predicted if the Y chromosome is degenerating.  We did this by inferring the changes in the X and Y 
lineages separately, and comparing the numbers of per-site non-synonymous/synonymous substitutions in 
each lineage. We used complete coding sequences (excluding pseudogenes, which are expected to evolve 
neutrally, without selective constraints, on both the X and the Y). These analyses were performed on five 
pairs of complete protein-coding genes that are found in the papaya X and HSY, and in V. monoica (the 
outgroup) (Table 3.12). The ratios of divergence values for non-synonymous and synonymous sites, 
estimated per nucleotide site (Ka/Ks) were also computed; between the V. monoica and papaya X genes, 
Ka/Ks ranges from 0.101-0.347, and between V. monoica and the papaya HSY gene copies the values 
were similar, from 0.101-0.350, indicating that both the papaya X and HSY genes are evolving under 
selective constraints, and are thus suitable for testing whether the HSY copies are accumulating more 
deleterious non-synonymous/synonymous substitutions than the X copies (Fig. 3.7, Table 3.12).  
Of the five intact genes shared between all three of the relevant genome regions, V. monoica, the 
papaya X, and the papaya HSY, two, CpXYh5 and CpXYh20, are located in the older stratum of the HSY 
(stratum 1 from Wang et al. 2012), and three, CpXYh34, CpXYh35 and CpXYh36, in the adjacent region 
that is collinear between the X and HSY. Not surprisingly, with only two genes from stratum 1, a 2x2 
analysis finds no significant excess of non-synonymous substitutions in the stratum 1 HSY lineage, 
compared with the X lineage, taking into account the numbers of synonymous substitutions in the two 
lineages. Compared with the collinear genes, the stratum 1 genes have much higher mean Ka/Ks since 
their split from their V. monoica orthologues, for both the X (0.297±0.07) and HSY (0.312±0.05); versus 
0.169±0.06 for the collinear X alleles, and 0.171±0.06 for the HSY alleles (calculations based on data 
from Table 3.12). However, only the HSY stratum 1 genes’ Ka/Ks show a marginal significance from the 
estimate for the three collinear region genes (p=0.045). Although this is consistent with more non-
synonymous substitutions in the HSY sequences, no firm conclusion is possible, and testing for 
degeneration will require comparing a larger set of genes between V. monoica and both the papaya sex-
linked regions. 
 
Discussion 
 
Most sex chromosome studies have focused on the evolution of Y chromosomes, while 
discussions of X chromosomes often emphasize the conservation of the ancestral autosomal gene content 
and structure (Bull 1983; Ohno 1967). This direct comparison between the recently evolved X-specific 
                                                            
15 Jennifer Han and Deborah Charlesworth also contributed to the non-synonymous substitution analysis. 
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region of the papaya X chromosome and the corresponding region of the orthologous autosome in V. 
monoica shows that the papaya X-specific region is not a simple, unaltered descendant of the ancestral 
autosome; it has expanded in size, genes have been lost and added, and a gene has rearranged. The 
difference is striking between this region and the unchanged papaya and V. monoica orthologous 
autosomal regions.  
Particularly remarkable is the X-linked region’s substantial expansion compared to the 
orthologous region in V. monoica, mostly due to retroelement insertions, in the mere ~6.7 million years 
since this part of the papaya sex chromosome pair stopped recombining (Wang et al. 2012). The 
transposable element accumulation in the X-specific region is consistent with the greater quantity of such 
insertions in other sex chromosomes (X of mammals and Z of chickens, see Bellott et al. 2010), and can 
be explained by its lower recombination frequency than that of autosomes; this difference arises because 
recombination occurs in only females, due to lack of recombination between the X- and Y-specific region 
in males (or HSY in hermaphrodites), in which the X spends 1/3 of its time. In Silene latifolia, whose sex 
chromosomes are extremely large and heteromorphic (the Y chromosome is 570 Mb and the X is 420 
Mb), these changes have evolved over ~ 10 million years (Bergero et al. 2007). However, it is unclear if 
the S. latifolia sex chromosome pair is wholly derived from a single ancestral autosome. In papaya, where 
an orthologous region within a single linkage group can be compared, the results show that the rapid 
expansion did not involve translocations between different chromosomes. 
Transposable element accumulation may lead to chromosomal rearrangements and cause loss of 
function of genes. In mammals, the gene order in the X chromosomes has been conserved across distantly 
related species such as human, cat, horse, cattle, and elephant, with the exception of mouse (Murphy et al. 
2007; Raudsepp et al. 2004; Ihara et al. 2004; Leticia et al. 2009; Sandstedt and Tucker 2004). In the 
human X and chicken Z, however, gene trafficking and sequence expansion have been detected, using 
comparisons with orthologous autosomal segments of other species (Charchar et al. 2003; Ross et al. 
2005; Bellott et al. 2010). Given its recent origin, the differences in gene content between papaya and V. 
monoica are surprising.   
This chapter presents evidence that the orthologous region in V. monoica might be located in the 
pericentromeric region, as well as the X- and Y-specific sequences in papaya sex chromosomes.  FISH 
analyses previously mapped the centromere of the Yh chromosome near Knob 4 (Zhang et al. 2008); the 
X chromosome sequence does not have these knobs, but a gap in the X physical map remains, due to 
repetitive sequences, in a location homologous to sequences close to Knobs 3 and 5 (Fig. 3.1) (Na et al. 
2012; Zhang et al. 2008).  
Do the papaya Y coding sequences show signs of genetic degeneration?  Because testing for 
degeneration requires an outgroup to test whether Y-linked sequences are specifically accumulating an 
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excess of deleterious substitutions, analyses are currently limited to coding sequences that can be 
identified in both the Y and the X, and in the V. monoica outgroup, of which only 6 have so far been 
identified, so the evidence from analysis of Ka/Ks ratios remains inconclusive. A mild degradation has 
been detected in the slightly older Silene latifolia Y, where hundreds of XY gene pairs could be compared 
since their divergence from an outgroup (Bergero and Charlesworth 2011; Chibalina and Filatov 2011). 
Given the recent evolution of stratum 2, and the limited number of genes in the older stratum 1, it might 
be difficult to detect the slow processes of sequence degradation (Wang et al. 2012). Papaya is, however, 
ideal for studying genome expansion (which is predicted to be a very early result of recombination 
suppression), and excellent for future assessments of gene expression changes. 
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Figures 
 
 
 
 
Fig. 3.1 Physical map locations of the C. papaya and V. monoica BACs. (A) The papaya X physical map published by Na et al. (2012) and the relative 
positions of the V. monoica BACs carrying homologous sequences.  (B) The papaya autosomal BAC with the corresponding V. monoica BAC.     
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Fig. 3.2. Expansion of C. papaya X chromosome. (a) Alignment of the papaya X-specific sequences (2.56 Mb) with 
orthologous autosomal sequences in V. monoica. The green horizontal bar indicates the V. monoica sequence, and 
the corresponding C. papaya X sequence is shown as the light blue horizontal bar. Red lines indicate homologous 
regions in the same orientation and blue lines show homology in inverse orientations. The alignment reveals 
collinear (syntenic) regions and a central region of LTR sequence duplications located in the middle of both 
sequences. In papaya, both the syntenic regions and those with sequence duplications are considerably larger than in 
V. monoica, especially in the areas of LTR duplications. (b) Alignment of the V. monoica autosomal BAC sequence 
(99 kb) to the corresponding papaya autosomal BAC (37 kb). In contrast with the papaya X-specific comparison, the 
V. monoica sequence is expanded compared to the corresponding papaya autosomal sequence, consistent with the 
larger V. monoica genome size. (c) Five blocks (colored to distinguish the different blocks) in which the X sequence 
is larger than that from V. monoica (indicated by arrows) in the syntenic regions of the papaya X-specific sequence 
and the corresponding V. monoica sequence. In all 5 blocks, the difference is due to gypsy LTR retroelements and 
unknown repeats.  
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Fig. 3.3.  Size differences in the syntenic regions of C. papaya and V. monoica. (a) Syntenic regions of 
the papaya X-specific pseudomolecule compared with the corresponding V. monoica pseudomolecule.  
(b) The syntenic region of one V. monoica autosomal BAC compared to its corresponding papaya 
autosomal BAC. 
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Fig. 3.4. Alignment of transcriptional units (genes and pseudogenes) shared between C. papaya and V. 
monoica. (a) Order of the transcriptional units shared between V. monoica and the papaya X-specific 
region. Alternating blue and green blocks indicate different BACs. Red lines denote the 10 shared 
transcriptional units. (b) Alignment of the 5 genes shared between the papaya autosomal BAC 
DM105M02 and the V. monoica counterpart, MN15I14. Dashes indicate 20kb intervals. Brackets denote 
a gene that has expanded considerably due to increased intron size.   
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Fig. 3.516 The syntenic regions of the X-specific region in C. papaya and the corresponding regions of V. 
monoica.  (A) Dot plot alignment map, with boxes denoting the three syntenic regions. (B) Cycle 
schematic view with the three syntenic regions represented. 
                                                            
16 Fig. 3.5 was produced by Fanchang Zeng. 
a) 
b) 
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Fig. 3.6  The distribution of repetitive elements surrounding the gap on the papaya X physical map in 
both C. papaya and V. monoica is an indication of a conserved centromeric location between the two 
species.  The vertical green lines represent the borders of the fully sex-specific region of the papaya X, 
and the dashed yellow vertical line represents the location of the gap in the X physical map.  
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Fig. 3.717 Ka/Ks ratios for the divergence of five genes shared by C. papaya and V. monoica.  Purple bars 
represent the values when comparing V. monoica against the papaya X alleles, blue bars represent the 
similar values from comparing the V. monoica and HSY alleles, while green bars show the comparisons 
between the V. monoica genes and papaya autosomal orthologs. 
 
 
 
                                                            
17 Fig. 3.7 was produced in part by Jennifer Han. 
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Tables 
 
Table 3.1.18  Size and positions of the V. monoica BACs and corresponding C. papaya X- BACs in the pseudomolecule used for the 
alignment, synteny, and repeat analyses.  
 
BAC 
Order 
 
V. monoica 
BACs 
 
Size (bp) 
Position on  
V. monoica 
pseudomolecul
e (kb) 
 
Corresponding C. papaya X 
BACs 
 
Size (bp) 
Position on  
C. papaya X 
pseudomolecule (kb)
1 MN13O12 106,282 0-106 Ctg11941_SH23D15_SH54M22_
Ctg08318 
185,988 1-186 
2 MN30L07 90,139 106-199 SH95K15 185,675 186-376 
3 MN82C19 100,125 199-299 SH80F18 183,386 376-559 
4 MN96C09 96,693 299-396 SH79M13 153,799 559-713 
5 MN74M10 99,940 396-496 SH55B21 198,483 713-911 
6 MN86B21 94,895 496-591 SH65C15_SH50M24_SH51A03_
SH69D24_M136D11 
572,951 911-1,484 
7 MN67D07 108,986 591-699 SH54M13 216,367 1,484-1,701 
8 MN07P01 97,045 699-797 SH84J07 222,899 1,701-1,924 
9 MN25J07 100,458 797-897 SH53E18 252,668 1,924-2,176 
10 MN20D10 104,999 897-1,002 SH49A07 203,300 2,176-2,379 
11 MN81D10 98,788 1,002-1,101 SH86B15 182,222 2,379-2,561 
  Total length 1,098,350    2,558,338   
                                                            
18 Fanchang Zeng also contributed to Table 3.1 
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Table 3.2 Summary of the transcription units found in the syntenic regions of the C. papaya (Cp) X-specific and autosomal BACs and the 
orthologous V. monoica (Vm) BACs. 
Types of sequences Total numbers of sequences 
             Vm Cp X 
Combined transcription units (genes and pseudogenes for both species) 27 
 Total transcription units 19 18 
 Transcription unit pairs (present in both species) 10 
 Species specific transcription units 9 8 
Combined intact protein-coding transcription units  25 
Intact protein-coding transcription units found in each species 15 16 
Gene pairs present in both species 1 6 
 Genes specific to one species 9 10 
Pseudogenes 0 4 
Copy present elsewhere in the papaya whole genome 3 1 
Sequences of unknown origin 6 5 
Combined pseudogene transcription units  6 
Total pseudogene transcription units 2 4 2 
Combined pseudogene-gene pairs  4 
Pseudogene-gene pairs 4 0 
Pseudogenes specific to one species 0 2 
          Vm Cp autosome
Combined transcription units3  5 
Total transcription units (all are functional gene pairs) 5 5 
1None of these have a copy elsewhere in the papaya whole genome 
2No pair of sequences is a pseudogene in both species 
3There are no pseudogenes, and no sequences are specific to one species 
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Table 3.3.19 List of V. monoica (Vm) and C. papaya (Cp) genes located on BACs corresponding to the papaya X-specific region in the order 
they appear on the papaya X physical map.   
Species/ 
Sex 
chromosome 
Gene Symbol  Putative Function 
Number of exons Coding Sequence Length 
                          
Intron Length BAC 
Position ID Position ID Position ID 
Vm CpX 
Cp 
HSY Vm CpX 
Cp 
HSY Vm CpX 
Cp 
HSY Vm CpX CpHSY 
Vm VmX1◊ 
uncharacterize
d protein 1     217     NA     
7537-
7755 MN96C09         
Vm VmX2 ---NA--- 1     888     NA     
60091-
60978 MN96C09         
CpX CpX-10 ---NA---   2     432     532       
51828-
52791 SH79M13     
CpX CpX-11 ---NA---   1     207     NA       
58107-
58313 SH79M13     
Vm, CpX, 
CpHSY 
CpXYh5 
4-
nitrophenylpho
sphatase 8 8 8 829 807 816 2490 2444 2448 
68216-
71534 MN96C09 
66241-
69491 SH79M13 
95427-
98690 SH69E13 
Vm*, CpX, 
CpHSY CpXYh8 
SYN4 
(SISTER 
CHROMATID 
COHESION 1 
PROTEIN 4) 14 15 15 3630 3618 3612 14247 10486 9256 
13491-
31367 MN74M10 
97208-
111312 SH55B21 
73441-
86309 SH81012 
CpX PCpX-4 ---NA---   1     352     NA       
65772-
66123 SH51A03     
CpX, CpHSY PYhCpXYh22 
Vps51/Vps67 
family protein    6 5   3240 3045   16497 16473     
178754-
180952 SH51A03 
6062-
25579 SH23L24 
CpX, CpHSY PXYhCpXYh1 
universal stress 
protein (USP) 
family protein    4 4   852 840   37086 34346     
69753-
107690 SH69D24 
57117-
92302 SH53G04 
CpX, CpHSY PYhCpXYh23 
Hypothetical 
protein   1 1   339 326   NA NA     
86822-
87160 SH69D24 
71268-
71593 SH53G04 
CpX, CpHSY CpXYh11 
PWWP 
domain-
containing 
protein   1 1   3126 3111   NA NA     
110760-
113885 SH69D24 
95120-
98230 SH53G04 
Vm VmX3** ---NA--- 3     471     372     
4398-
5241, 
53985-
54827 MN86B21         
Vm*, CpX, 
CpHSY CpXYh12 
ADP-
ribosylation 
factor A1B 4 5 6 461 552 558 2928 6244 7526 
57666-
61054 MN67D07 
159681-
166476 SH54M13 
32224-
40307 SH81O12 
                                                            
19 The following individuals also contributed to this table: Jennifer Han, Fanchang Zeng, Rishi Aryal, Robert VanBuren 
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Species/ 
Sex 
chromosome 
Gene Symbol  Putative Function 
Number of exons Coding Sequence Length 
                          
Intron Length BAC 
Position ID Position ID Position ID 
Vm CpX 
Cp 
HSY Vm CpX 
Cp 
HSY Vm CpX 
Cp 
HSY Vm CpX CpHSY 
Vm, CpX, 
CpHSY CpXYh20 
MBD9; DNA 
binding/ 
methyl-CpG  10 11 11 6568 6612 6609 31662 22522 37067 
6198-
44427 MN07P01 
166625-
195755 SH84J07 
91204-
134880 SH88A07 
Vm†, CpX, 
CpHSY CpXYh27 protein kinase 13 20 20 1683 2091 2088 3261 9032 88988 
82044-
86987 MN86B21 
19577-
30698 SH53E18 
34767-
45842 SH64O06 
Vm VmX4 ---NA--- 1     270           
49607-
49876 MN07P01         
Vm VmX5 
unnamed 
protein◊ 8     3135     3151     
8023-
14308 MN25J07         
Vm VmX6 
cation/H(+) 
antiporter◊ 3     2307     220     
19361-
21887 MN25J07         
Vm*, CpX, 
CpHSY CpXYh29 
N-
acetylglucosa
mine-
phosphate 
mutase 9 9 7 1574 1686 1362 27958 32248 19588 
50651-
92897 MN25J07 
86982-
119229 SH53E18 
87673-
107260 SH59O17 
CpX, CpHSY CpXYh30 
NUC 
(nutcracker); 
nucleic acid 
binding / 
transcription 
factor/ zinc ion 
binding   1 1   209 312   NA NA     
92981-
93289 SH53E18 
92916-
93227 SH59O17 
Vm VmX7 
hypothetical 
protein 6     963     1611     
64502-
67075 MN25J07         
Vm VmX8 ---NA--- 1     264     NA     
74529-
74792 MN25J07         
Vm VmX9 
hypothetical 
protein 3     423     1638     
81854-
83914 MN25J07         
Vm, CpX, 
CpHSY CpXYh34 
metal-
dependent 
phosphohydrol
ase HD 
domain-
containing 
protein 18 19 18 1419 1413 1413 16386 7477 7339 
4950-
22754 MN20D10 
155987-
164916 SH49A07 
151017-
159769 SH75H06 
Vm, CpX, 
CpHSY CpXYh35 
calcium 
homeostasis 
regulater-like 
protein CHoR1 3 3 3 819 819 819 801 873 883 
28936-
30555 MN20D10 
150401-
152093 SH49A07 
145436-
147128 SH75H06 
Vm, CpX, 
CpHSY CpXYh36 
formate 
dehydrogenase 6 6 6 1149 1149 1149 1627 1496 1497 
31040-
33815 MN20D10 
147308-
149953 SH49A07 
142343-
144988 SH75H06 
Vm*, CpX, 
CpHSY CpXYh37 
ERA1; 
farnesyltranstr
ansferase 14 14 14 1299 1299 1299 17761 5840 5859 
40595-
59654 MN20D10 
100081-
107219 SH49A07 
95081-
102238 SH75H06 
* Vm pseudogene            ** Gene is duplicated               † Gene is truncated               ◊Autosomal copy in papaya      
Table 3.3 (cont.) 
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Table 3.4.20  List of V. monoica (Vm) and C. papaya (Cp) genes located on the papaya autosomal BAC and corresponding V. monoica 
BAC.  
Species     Gene Symbol  Putative Function 
Number 
of Exons
Coding 
Sequence 
Length 
            
Intron length
BAC 
Position ID 
Gene Bank 
Accession 
No. 
Position ID 
Gene Bank 
Accession 
No. 
Vm Cp Vm CpA Vm CpA Vm Cp 
Vm, Cp CYC-b capsanthin capsorubin synthase 1 1 1485 1485 0 0 1923-3407 MN15I14 JN88496 16714-18198 AM105M02 GQ478572
Vm, Cp VmA2 uncharacterized protein 10 10 1290 1209 47948 16040 28786-76733 MN15I14 JN88496 19330-36579 AM105M02 GQ478572
Vm, Cp VmA3 protein 3 3 638 648 687 351 78861-80185 MN15I14 JN88496 38581-39580 AM105M02 GQ478572
Vm, Cp VmA4 otu-like cysteine type protease 4 4 990 1030 5550 6217 82441-88980 MN15I14 JN88496 41230-48477 AM105M02 GQ478572
Vm, Cp VmA5 mrna-decapping enzyme-like protein 4 4 457 479 2025 2142 91960-94441 MN15I14 JN88496 50781-53402 AM105M02 GQ478572
 
 
 
Table 3.5.  Gene densities of the syntenic regions of the C. papaya and V. monoica BACs.   
Species 
Sequence length 
(in kb) 
Gene Density* 
(kb/1 gene) 
V. monoica 703 46.9 
C. papaya homologous region on the X chromosome 1,820 130 
V. monoica 99 19.80 
C.papaya autosomal homologous region 37 7.40 
* Pseudogenes were excluded from the calculation of gene density. 
 
                                                            
20 Rishi Aryal also contributed to Table 3.4 
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Table 3.6. Sizes of the syntenic regions of the C. papaya X-specific region compared to the corresponding V. monoica region, as well as the 
C. papaya autosomal region compared with the corresponding V. monoica autosomal region. 
 C. papaya 
syntenic 
region (bp) 
V. monoica 
syntenic region 
(bp) 
Percent 
expansion in 
C. papaya X 
Percent 
expansion in 
V. monoica 
X chromosome     
Block 1 900,826 499,232 45%  
Block 2 571,348 250,963 56%  
Block 3 28,672 30,057  5% 
Total expansion of the X region 1,500,846 780,252 48%  
Autosome     
Block 1 37,180 98,904  62% 
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Table 3.7.21  The five blocks in which the C. papaya X-specific region is larger than the corresponding V. monoica region. 
 
Block 
Location in the V. monoica 
pseudomolecule 
V. monoica 
expansion (bp) 
Location in the C. papaya 
pseudomolecule 
C. papaya 
expansion (bp) 
Percent expansion on  
C. papaya X 
1 4,955-4,7967 43,012 547-64,514 63,967 32.8% 
2 200,482-276,850 76,368 380,431-558,631 178,200 57.1% 
3 319,495-385,985 66,490 598,837-850,064 251,227 73.5% 
4 627,652-643,872 16,220 1,502,467-1,539,407 36,940 56.1% 
5 818,282-959,856 141,574 2,013,403-2,279,781 266,378 46.9% 
                                                            
21 Fanchang Zeng also contributed to Table 3.7 
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Table 3.8.22 Repetitive element content of the C. papaya X-specific BACs and corresponding V. monoica BACs, as well as the V.  
monoica autosomal BAC and the C. papaya whole genome.    
 
Sequence source V. monoica X region 
BACS (1,082,404 bp)
C. papaya X-specific 
BACS (2,545,160 bp)
V. monoica autosome 
BAC (101,746 bp)
Complete papaya genome1
(271,000,000 bp)
Repeat 
class/family 
Length 
occupied 
(bp) 
Percentage 
of sequences 
Length 
occupied 
(bp) 
Percentage 
of 
sequences 
Length 
occupied 
(bp) 
Percentage 
of 
sequences 
Length 
occupied 
(bp) 
Percentage 
of 
sequences 
Retroelements2  351,499 32.5% 1,181,757 46.4% 28,622 28.1% 115,601,100 42.7%
LINEs 15,266 1.4% 21,724 0.9% 7,644 7.5% 2,700,000 1.0%
LTR elements 336,233 31.1% 1,160,033 45.6% 20,978 20.6% 90,900,000 33.5%
DNA transposons 11,548 1.1% 2,371 0.1% 701 0.7% 534,200 0.2%
Unclassified 286,822 26.5% 480,122 18.9% 32,469 31.9% 24,298,200 9.0%
Total interspersed 
repeats 
649,869 60.0% 1,664,250 65.4% 61,792 60.7% 140,433,500 51.8%
         
 1Papaya genome repetitive element values were obtained from Ming et al. (2008) 
2Retroelement totals include SINEs and Others as well as LTRs and LINEs. 
 
 
 
 
                                                            
22 Robert VanBuren also contributed to Table 3.8 
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Table 3.9.23  Repetitive element content of the C. papaya X-specific BACs. Repeat percentages are 
based on total masked bases from RepeatMasker using a C. papaya specific repeat library. 
C. papaya BAC 
ID 
BAC size 
(bp) 
Total 
Repeats 
Percentage of 
repetitive elements
C. papaya X-specific BACs 
contig08318 10,102 1,664 16.47% 
contig11941 163,794 88,598 54.09% 
SH23D15 19,615 1,511 7.70% 
SH49A07 202,700 112,384 55.44% 
SH50M24 144,145 142,546 98.89% 
SH51A03 183,721 169,862 92.46% 
SH53E18 251,868 156,259 62.04% 
SH54M13 215,667 186,841 86.63% 
SH54M22 167,852 77,269 46.03% 
SH55B21 197,783 132,471 66.98% 
SH65C15 153,279 127,473 83.16% 
SH69D24 143,655 83,279 57.97% 
SH79M13 153,099 110,711 72.31% 
SH80F18 182,686 108,373 59.32% 
SH84J07 222,249 106,359 47.86% 
SH86B15 182,222 89,558 49.15% 
SH93K15 185,581 101,727 54.82% 
AM136D11 89,095 70,606 79.25% 
Autosomal BAC 
DM105M02 72,846 16,226 22.27% 
 
 
 
 
 
                                                            
23 Robert VanBuren also contributed to Table 3.9 
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Table 3.1024  Repetitive element contents of individual V. monoica BACs. Repeat percentages are 
based on total numbers of masked bases from RepeatMasker, using a V. monoica specific repeat library.  
V. monoica 
BAC ID BAC size (bp) Total Repeats 
Percentage of 
repetitive elements
BACs corresponding to the C. papaya X-specific region 
MN07P01 98,296 64,289 65.40%
MN13O12 106,282 22,079 20.77%
MN20D10 102,599 64,450 62.82%
MN25J07 99,658 67,121 67.35%
MN30L07 89,446 28,021 31.33%
MN67D07 107,683 92,084 85.51%
MN74M10 95,940 70,831 73.83%
MN81D10 96,388 58,140 60.32%
MN82C19 99,325 40,400 40.67%
MN86B21 92,495 68,799 74.38%
MN96C09 94,292 74,655 79.17%
Total 108,2404 650,869 60.13%
Autosomal BAC 
MN15I14 101,746 62,126 61.06%
 
 
 
 
 
                                                            
24 Robert VanBuren also contributed to Table 3.10 
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Table 3.11.25 Estimated age of divergence of the genes shared by the C. papaya HSY, X, and V. monoica in regions of synteny.   
Gene ID 
Silent Sites Silent mutations 
Silent 
divergence (Ksil)
Estimated age 
(MYA) 
Average 
Estimated Age 
(MYA) ± (SD) 
Vm vs 
X 
Vm vs 
HSY 
Vm vs 
X 
Vm vs 
HSY 
Vm vs 
X 
Vm vs 
HSY 
Vm vs 
X 
Vm vs 
HSY 
Vm vs 
X 
Vm vs 
HSY 
CpXYh5 2,560.92 2,547.75 309 328 0.132 0.141 16.450 17.675 
21.439* 
± 2.988 
21.677* 
± 3.648 
CpXYh8 9,396.75 9,310.67 1,487 1,469 0.178 0.177 22.220 22.145 
CpXYh12 1,827.5 1,819.5 237 237 0.142 0.143 17.798 17.884 
CpXYh27 3,579.75 3,581.5 476 488 0.147 0.151 18.318 18.818 
CpXYh34 7,525.25 7,303.33 1,332 1,207 0.202 0.187 25.250 23.336 
CpXYh35 647.75 651.58 121 122 0.215 0.215 26.854 26.926 
CpXYh36 1,673.33 1,688.83 275 296 0.186 0.200 23.188 24.954 
Vm vs Cp autosome 
VmA3 480.17 78 0.184 23.051 
23.181±0.886 VmA4 5,074.42 863 0.193 24.125 
VmA5 2,003.83 319 0.179 22.368 
*The average age was estimated only to easily compare the X and HSY Ksil and does not reflect an accurate 
divergence time.  See the autosomal average estimated age for the divergence time between V. monoica and C. 
papaya.   
                                                            
25 Jennifer Han also contributed to Table 3.11 
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Table 3.12.26  Total numbers of mutations and Ka/Ks values for 10 pairs of transcripts shared between V. monoica (Vm), the papaya X-
specific region (X), and the papaya HSY-specific region (HSY), as well as for 5 gene pairs compared between the V. monoica and papaya 
autosomal BACs.    
Gene ID 
No. Sites (bp) No. Mutations 
Ks Ka Ka/Ks Average Ka/Ks ± (SD) Total sites Total coding sites analyzed Syn sites Non-Syn sites Syn mutations 
Non-Syn 
mutations 
Vm vs 
X 
Vm vs 
HSY 
Vm 
vs X 
Vm vs 
HSY 
Vm vs 
X 
Vm vs 
HSY 
Vm vs 
X 
Vm vs 
HSY 
Vm 
vs X 
Vm vs 
HSY 
Vm 
vs X 
Vm vs 
HSY 
Vm 
vs X 
Vm vs 
HSY 
Vm 
vs X 
Vm vs 
HSY 
Vm 
vs X 
Vm vs 
HSY 
Vm vs 
X 
Vm vs 
HSY 
CpXYh5 3,319 3,319 804 801 190.6 188.4 613.4 612.6 31 34 27 34 0.18 0.21 0.05 0.06 0.25 0.27 
0.22 ± 
0.09 
0.23 ± 
0.09 
CpXYh20 38,230 38,230 6,600 6,600 1490.1 1488.8 5109.9 5111.3 209 203 265 261 0.16 0.15 0.05 0.05 0.35 0.35 
CpXYh34 17,805 17,805 1,410 1,410 311.9 313.0 1098.1 1097.0 54 54 41 42 0.20 0.19 0.04 0.04 0.19 0.20 
CpXYh35 1,196 1,196 813 813 187.3 187.3 625.7 625.7 39 39 31 31 0.24 0.24 0.05 0.05 0.21 0.21 
CpXYh36 2,776 2,776 1,143 1,143 268.3 268.3 874.7 874.7 53 53 20 20 0.23 0.23 0.02 0.02 0.10 0.10 
Vm vs Cp autosome 
CYC-b 1,485 1,308 308.5 999.5 65.8 51.17 0.25 0.05 0.21 
0.21 ± 0.07 
VmA2 1,915 1,191 286.8 904.2 37.8 39.25 0.15 0.05 0.31 
VmA3 1,323 624 152.4 471.6 51.0 24 0.44 0.05 0.12 
VmA4 6,540 987 231.5 755.5 40.0 25 0.20 0.03 0.17 
VmA5 2,482 456 98.1 348.9 23.0 20 0.28 0.06 0.21 
 
 
                                                            
26 Jennifer Han also contributed to Table 3.12 
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CHAPTER 4: GENOME SIZE VARIATION AMONG SEX TYPES IN DIOECIOUS AND 
TRIOECIOUS CARICACEAE SPECIES 
 
 
Abstract 
 
Caricaceae is a small family consisting of 35 species of varying sexual systems and includes 
economically important fruit crop tree, Carica papaya, and other species of “highland papayas”.  Flow 
cytometry was used to obtain genome sizes for 11 species in three genera in Caricaceae and to determine 
if genome size differences can be detected between sexes.  Genome sizes ranged from 442.5-625.9 Mb 
likely due to variation in the accumulation of retroelements throughout the genomes.  The Carica papaya 
genome size was found to be 442.5 Mb, larger than previously predicted.   Significant differences were 
detected between male and female samples in Jacaratia spinosa, Vasconcellea horovitziana, 
Vasconcellea parviflora, and Vasconcellea stipulata, and between male and hermaphrodite samples of 
Vasconcellea cundinamarcensis, suggesting the presence of sex chromosomes for these species.  The 
small size differences between genomes of the papaya sexes were not able to be detected using flow 
cytometry. Vasconcellea horovitziana was discovered to have a larger female genome size than male, 
which is contrary to what was expected, and may be an interesting species for future sex chromosome 
studies.    
 
 
Introduction 
 
The Caricaceae family, in the order Brassicales, is comprised of 6 genera and 35 species and 
contains fruit crop tree Carica papaya, as well as other species of highland papayas.  The members of this 
family reside in subtropical and tropical regions of North and South America, with the exception of 
Cylicomorpha, a genus whose two species are located in Central Africa (Carvalho and Renner 2012).  The 
genus Carica contains one species, papaya, which is agronomically important worldwide because of its 
vitamin rich fruit.  Vasconcellea, or “highland papaya”, is the largest genus, containing 21 species, one of 
which is a naturally occurring hybrid, Vasconcellea X heilbornii (Carvalho and Renner 2012).  Highland 
papayas are popular at a local level and are commonly eaten fresh or made into juices and marmalades 
(Scheldeman et al. 2011).  The genus Jacaratia includes 7 tree species that are native to Mexico and 
South America (Carvalho and Renner 2012).  Horovitzia cnidoscoloides, the only species in the genus 
Horovitzia, and the three species in the genus Jarilla are herbaceous plants found in regions of Mexico 
69 
 
(Carvalho and Renner 2012).  Both the roots and the fruits of Jarilla species are consumed and utilized 
for medicines in regions where these plants grow (Tookey and Gentry 1969).     
 Interestingly, Caricaceae species are sexually dimorphic (Table 4.1).  Of the 35 species, 32 are 
dioecious, having separate male and female individuals.  Carica papaya and Vasconcellea 
cundinamarcensis are trioecious (male, female, and hermaphrodite individuals) and Vasconcellea 
monoica has separate male and female flowers on the same individual and is therefore monoecious.  Sex 
determination in the Caricaceae family is of great interest, especially in Carica papaya, due to its 
economic importance.  Sex plays a large role in the productivity of a papaya farm, since the sex of papaya 
trees cannot be phenotypically determined until the plant flowers and hermaphrodite trees are the 
desirable sex for commercial production.  With the availability of the papaya genome sequence (Ming et 
al. 2008b) and the discovery that Carica papaya’s trioecious sex is determined by a pair of incipient sex 
chromosomes (Liu et al. 2004), papaya has become a model species in genomic, sex determination, and 
sex chromosome evolution studies.         
 Sex chromosomes in plants are thought to evolve from closely linked male-sterile and female-
sterile mutations on a chromosome pair, leading to the suppression of recombination around the mutations 
and allowing the accumulation of repetitive elements and the degradation of the genes on the Y 
chromosome in this region (Charlesworth and Guttman 1999; Charlesworth and Charlesworth 1978).  The 
expansion of the Y chromosome is common in the early stages of sex chromosome evolution, though the 
X chromosome has also been shown to undergo expansion, but to a lesser degree, as was shown in 
Chapter 3 (Gschwend et al. 2012).  Papaya sex chromosomes emerged about 6.7 MYA and are still in the 
early stages of sex chromosome evolution (Wang et al. 2012).     
 Papaya sex is controlled by a pair of nascent sex chromosomes, females having a genotype of 
XX, the males being XY, and the hermaphrodite genotype is XYh (Ming et al. 2007).  The hermaphrodite 
Yh chromosome’s sequence varies from the male Y chromosome by only 1.2% (Yu et al. 2008a).  
Cytologically, the papaya sex chromosomes are homomorphic (Yu et al. 2007).   Only a small portion of 
the papaya X and Y chromosomes comprises the sex determining region (SDR); the SDR of the 
hermaphrodite specific region of the Yh chromosome (HSY) is only 8.1Mb and corresponds to 3.5 Mb of 
the X chromosome, as mentioned in Chapter 2 (Wang et al. 2012).  The SDR of the Yh chromosome is 
accumulating an abundance of retrotransposons, expanding the HSY, compared to the corresponding X 
region (Wang et al. 2012).  Apart from the SDR, the pseudo-autosomal regions of the sex chromosomes 
are homologous.   
 Sex determination of the other five genera has been studied to a lesser extent.  Six papaya X/Y 
paired genes were isolated in three dioecious, one trioecious, and one monoecious Vasconcellea species 
(Wu et al. 2010).  Separate X and Y allele sequences were obtained from the Vasconcellea dioecious and 
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trioecious species, suggesting sex chromosomes have evolved in some Vasconcellea species.  Only a 
single sequence was obtained for monoecious Vasconcellea monoica.  This evidence, along with the lack 
of sexual dimorphism between individuals, indicates that V. monoica does not have sex chromosomes.  
This analysis also revealed that sex chromosomes evolved after the divergence of Carica and 
Vasconcellea and sex chromosomes evolved more recently in the dioecious Vasconcellea species than in 
papaya.  Whether or not the remaining 4 genera have sex chromosomes is still unknown.     
 Flow cytometry is a popularly used method of predicting genome sizes for a variety of species 
(Arumuganathan and Earle 1991a).  Silene latifolia is a dioecious herbaceous flowering plant which has 
become a model species for sex chromosome work.   S. latifolia has a pair of recently evolved sex 
chromosomes (~10MYA), with a Y chromosome that is cytologically larger than the X chromosome 
(Bergero et al. 2007; Ciupercescu et al. 1990); the Y chromosome is 570 Mb compared to the 420 Mb X 
chromosome, a 150 Mb difference (Liu et al. 2004).  Genome size differences between male and female 
S. latifolia individuals have been detected using flow cytometry (Dolezel and Gohde 1995; Costich et al. 
1991).    The difference in the X and Y size is measurable in the genome size and contributes to the male 
genome (2772.63 Mb) being about 4.6% larger than female genome (2645.49 Mb) (Costich et al. 1991, 
Doležel and Gohde 1995). In papaya, X and Y chromosomes are cytologically homomorphic and the 
SDR of the Y chromosome is only about 4.6 Mb larger than that of the X chromosome.   
 This chapter reports genome sizes for a sampling of 11 species from three of the six genera 
(Carica, Jacaratia, and Vasconcellea) in the Caricaceae family.  The genome sizes can be used as 
references for future Caricaceae genome sequencing projects.  This study will determine whether genome 
size differences can be detected between the sexes of selected species in Caricaceae using flow cytometry 
and will also give us insight into whether these Caricaceae species have sex chromosomes. 
 
 
Materials and Methods 
 
Plant material27 
Leaf tissue from 11 different species of Caricaceae was collected from the USDA national clonal 
germplasm repository in Hilo, Hawaii.  Multiple sex samples were obtained for seven of the 11 species to 
use for this study.  Three accessions and two sexes for each were included for Carica papaya, including 
male and female samples of HCAR 320 and N7-22 Rota accessions and female and hermaphrodite of 
Sunrise N07-17accession.  One accession was obtained for the remainder of the species (Table 4.2).  
Tissue was collected for all three sexes of Vasconcellea cundinamarcensis.  Both male and female sexes 
                                                            
27 I would like to thank Ching Man Wai and Francis Zee for providing the tissue samples 
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were included for Jacaratia spinosa, Vasconcellea horovitziana, Vasconcellea parviflora, Vasconcellea 
quercifolia, and Vasconcellea stipulata.  Only a male sample was available to include for genome size 
estimation for Vasconcellea pulchra and only a female sample for Vasconcellea glandulosa.  A sample of 
monoecious Vasconcellea monoica was also collected.  The sexes of the Vasconcellea goudotiana 
samples are unknown, because after tissue was collected, the plants died in the field, but leaf tissue from 
three plants of a single accession was used.  For each sex and accession per species, about 1 gram of 
young leaf tissue was collected for flow cytometry analysis. 
 
Flow Cytometry Analysis28       
The flow cytometry methods used to analyze nuclear DNA content follows the procedures of 
Arumuganathan and Earle (1991b) and modifications to the original protocol can be found in VanBuren 
et al. (2011). 
 In short, fifty milligrams of fresh leaf tissues were sliced onto 0.25-1mm pieces in MgSO4 buffer, 
which includes the stain propidium iodine (PI).  DNA standards were added to the mix and nuclei were 
withdrawn and incubated at 37°C for 30 mins, to prepare the suspensions of intact nuclei.  The internal 
DNA standards used in this study were nuclei from Arabidopsis thaliana (0.36 pg/2 C), Oryza sativa cv 
Nipponbare (0.96 pg/ 2C), Glycine max (2.35 pg/2 C), and chicken red blood cells (2.5 pg/2 C). Flow 
cytometry was used to measure the fluorescence intensities of each sample and these fluorescence 
intensities were compared to the appropriate internal DNA standards to estimate nuclear DNA content.  
Samples were analyzed using a FACScalibur flow cytometer (Becton-Dickinsin, San Jose, CA), 
fluorescence signals from 1000 nuclei were analyzed by CellQuest software (Becton-Dickinson, San Jose, 
CA), and the mean nuclear DNA content was taken.  One biological sample was taken for each accession 
and each sex, and for each biological sample, four technical replications were performed and the average 
was used as the representative genome size.  When multiple accessions were available, the average of all 
accessions was used to determine the representative genome size.   
 The diploid nuclear DNA content derived through flow cytometry in this study can be converted 
to nucleotides using 1 pg=978 Mb (Doležel et al. 2003).  The statistical significance of the genome sizes 
between sexes was determined by two-tailed t-tests.   
 
 
 
 
                                                            
28 The Flow Cytometry was carried out by Aru Arumuganathan at the Flow Cytomerty and Imaging Core Laboratory at the 
Virginia Mason Research Center, Seattle, WA 
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Results 
 
Table 4.2 presents the nuclear DNA content and corresponding genome sizes.  The three 
accessions of Carica papaya showed a slight variation in genome size.  Sunrise N07-16, the sister 
accession to SunUp, which was used in the genome sequencing and sex chromosome work, had a  female 
genome size of 436.7 ± 13.2 Mb and a hermaphrodite genome size of 435.0 ± 7.3 Mb.  The Accession 
N7-22 Rota had a female genome size of 424.7 ± 14.4 Mb and a male genome size of 451.5 ± 7.5 Mb.  
Finally, HCAR 320 had a larger female genome size of 466.2 ± 13.3 Mb and a smaller male genome size 
of 440.8 ± 13.0 Mb.  A significantly larger male genome size was detected in the N7-22 Rota accession, 
whereas the female genome size was detected as significantly larger for the HCAR 320 accession (t-test 
p-values of 0.01 for both).  The Sunrise N07-16 accession did not show a significant difference between 
the hermaphrodite and female genomes (p=0.67).  The average genome size of all three accessions and 
sexes is 442.5 Mb, larger than the original estimate of 372 Mb reported previously (Arumuganathan and 
Earle 1991a).  The standard deviations ranged from 7.3-14.4 Mb/1C, reflecting only minor variability 
among the technical replicates.  A t-test revealed that the average of the male, female, and hermaphrodite 
genome size averages are not significantly different from one another.           
 The average genome size for Jacaratia spinosa male and female individuals is 513.6 Mb.  The 
male average genome size was estimated to be larger than that of the female genome, with 521.9 ±5.4 Mb 
and 505.4 ±3.9 Mb, respectively.  The p-value is 0.04, showing significant difference between the male 
and female genome sizes.       
 Vasconcellea horovitziana has an average genome size of 557.7 Mb for the two sexes.  In this 
case, the female genome was larger than the male, with a genome size of 597.0 Mb, while the male had a 
genome size of 518.4 Mb.  Although the standard deviation is rather large for the female samples, ±56.8 
Mb compared to ±17.9 Mb for males, the genome sizes are significantly different (p=0.03).        
 Vasconcellea parviflora has an average genome size of 491.5 Mb.   The male genome size was 
estimated to be larger than the female, 506.8Mb and 476.2Mb, respectively.    Though both the male 
(±52.9) and female (±40.6) have wide standard deviations, a t-test suggests that there is significant 
difference between the male and female genome sizes (p=0.03)     
 Vasconcellea cundinamarcensis is the other trioecious species in the Caricaceae family (Table 
4.1).  The hermaphrodite, female, and male plants had genome sizes close to one another, 578.3Mb, 
566.7Mb, and 555.2Mb, respectively, resulting in an average genome size of 566.7Mb.  The female 
samples had the largest standard deviation, ±39.8Mb, while the male and hermaphrodite had standard 
deviation of ±13.8 Mb and ±5.8 Mb.  The male and hermaphrodite genome sizes are significantly 
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different (p=0.03), but the female genome compared to the male and hermaphrodite is not significantly 
different.   
The average genome size of Vasconcellea quercifolia is 516.0 Mb.  The female genome is 
slightly larger than the male, with a genome of 519.6±22.5 Mb compared to 512.5±12.9 Mb, but the size 
difference is not significant (p=0.4).   
 Vasconcellea stipulata has an average genome size of 520.1 Mb.  The male genome is larger than 
the female, 543.4±21.9 Mb for the male and 496.7±6.2 Mb for the female.  The difference between the 
two sexes is significant (p=0.05).     
 Only a single sex was available for Vasconcellea glandulosa and Vasconcellea pulchra; the 
Vasconcellea glandulosa female sample has a genome size of 534.9 Mb and the male genome size of 
Vasconcellea pulchra is 554.6 Mb.  The sexes of the Vasconcellea goudotiana samples are unknown, but 
the average genome size for this species is 607.0 Mb. Vasconcellea monoica is the only monoecious 
species in the family Caricaceae and has a genome size of 625.9 Mb (Gschwend et al. 2012).    
 
Discussion 
 
In this study, the genome sizes for a selection of Caricaceae species were reported; genome sizes 
ranged from 442.5-625.9 Mb, a 29% variation (Fig. 4.1).  Genome size expansion is thought to occur 
through two mechanisms: polyploidization and the accumulation of retrotransposons (SanMiguel et al. 
1996; Wendel 2000).  The variation in genome size across species in Caricaceae is likely due to the 
difference of repetitive elements throughout the whole genome of each species.  All the Caricaceae 
species previously studied, including the two species with the larger genome sizes, V. monoica and V. 
goudotiana, and the smallest genome size, Carica papaya, have 2n=18 chromosomes, suggesting that 
polyploidization is not the cause of the genome size variation across these Caricaceae species 
(Damasceno Junior et al. 2009; Darlington and Wylie 1955; De Zerpa 1959; Magdalita et al. 1997; 
Darlington and Ammal 1945; Scheldman et al. 2011). 
 Genome size variation between sexes in Caricaceae is likely due to the concentrated 
accumulation of retrotransposons in the non-recombining SDR.  Usually this occurs in the Y 
chromosome, causing the male (or hermaphrodite) genome to be larger than that of the female 
(Charlesworth and Guttman 1999; Charlesworth and Charlesworth 1978). Because of this, an unexpected 
finding was seen in Vasconcellea horovitziana; the female genome size was found to be significantly 
larger than the male (p=0.03).  The standard error for the Vasconcellea horovitziana samples is quite large 
(±56.8), but even so, the means falls outside the standard deviation of the other sex (Figure 4.2).  The 
cause of the genome size difference is unknown, but there are two possibilities that could explain the 
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female’s larger genome size.  Since the Vasconcellea species likely developed sex chromosomes 
independently and recently, after the speciation events, it is possible that Vasconcellea horovitziana 
developed a ZW system instead of an XY system, like seen in Populus, in which the W SDR would be 
expanding in females due to the accumulation of repetitive elements at a faster rate than that of the Z 
chromosome (Yin et al. 2008).  Another possibility is the X chromosome experienced sequence 
duplications within the SDR of the X, which caused the female genome to be larger.  Whatever the 
reason, this is an interesting finding and follow-up experiments will have to be carried out to shed light on 
the events that led to the larger genome in Vasconcellea horovitziana females. 
It was unexpected to find significant variation in genome sizes across different papaya accessions.  
Variation in genome sizes has been seen across accessions in other species, such as Arabidopsis thaliana. 
A flow cytometry study found the genome sizes of 19 diploid Arabidopsis accessions were variable, the 
greatest difference between two accessions being ~37 Mb (Schmuths et al. 2004).  Here, the greatest 
difference between accessions is 15.4 Mb, between HCAR 320and N7-22 Rota.  The difference detected 
between accessions may also be, in part, caused by technical error.  
The Sunrise N07-16 is the sister accession to the SunUp accession used in the papaya whole 
genome sequencing and the SDR mapping and sequencing projects described in Chapter 2 (Ming et al. 
2008, Wang et al. 2012).  The accession SunUp is the most thoroughly studied species in the Caricaceae 
family.  The physical mapping and sequencing of the SDR of the HSY and corresponding regions of the 
X chromosome revealed that the HSY is 4.6 Mb larger than the X, a difference that would be reflected in 
the genome size of both sexes.  The genome sizes of the Sunrise N07-16 female and hermaphrodite 
samples did not show significant difference in genome size between the hermaphrodite and female sexes 
(Fig. 4.2); the female genome was predicted to be 1.7 Mb larger than the hermaphrodite and the standard 
deviation for both sexes were greater than the 4.6Mb expected size difference discovered in chapter 2 
(±13.2 and ±7.3).  Though flow cytometry is a helpful way to estimate genome sizes, there is still some 
technical error involved that will hinder exact quantification.  Flow cytometry is not sensitive enough to 
detect the subtle difference in genome size between the papaya female and hermaphrodite samples, but is 
a helpful tool for species with greater differences between sex chromosome sizes, such as Silene latifolia.              
Trioecious Vasconcellea cundinamarcensis had a hermaphrodite genome size that was larger than 
that of both the male and female.  A previous study provided support for Vasconcellea cundinamarcensis 
having sex chromosomes (Wu et al. 2010).  These results show female genome average was intermediate, 
with a smaller male genome.  The female samples had a rather large standard deviation (±39.8Mb), which 
extends beyond the means of both the male and hermaphrodite genome sizes, so difference between the 
male and hermaphrodite compared to the female are not reliable, due to technical error, and a t-test did 
not detect significant difference between the female and male or hermaphrodite (p>0.05) (Fig. 4.2).  The 
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male and hermaphrodite, on the other hand, were significantly different from one another (P=0.03).  The 
hermaphrodite was detected to have a larger genome size than the male using flow cytometry.  This 
provides evidence for Vasconcellea cundinamarcensis having two slightly different Y chromosomes, as is 
seen in papaya.  Because this difference was detectable, whereas the papaya male and hermaphrodite 
difference was not, the actual size difference between the male and hermaphrodite Y in Vasconcellea 
cundinamarcensis may be larger than that of papaya.  Vasconcellea cundinamarcensis has likely evolved 
sex chromosomes more recently than papaya (Wu et al. 2010), but has a hermaphrodite genome size that 
is larger than the male, where the Y chromosomes in papaya are 99.8% similar and likely the same size.  
The papaya Y and Yh chromosomes diverged about 7,300 years ago, so Vasconcellea cundinamarcensis 
male and hermaphrodite Y chromosomes may have diverged earlier than papaya to accumulate detectable 
sequence difference between the male and hermaphrodite genomes using flow cytometry (Yu et al. 
2008b).   This would be an interesting phenomenon for future investigation. 
Jacaratia spinosa and Vasconcellea stipulata have male genomes that are significantly larger 
than the female genomes (p < 0.05).  In both species, the difference between the means is greater than the 
standard deviation for each sex, suggesting that there is a detectable difference between the male and 
female genome sizes (Fig. 4.2), which provides evidence that sex chromosomes have differentiated in 
these two species. The Y chromosome SDR has been shown to accumulate more repetitive elements than 
the corresponding region of the X chromosome in papaya, and this is likely what is causing the genome 
size difference between the male and female samples in these two species (Wang et al. 2012).  Both 
Jacaratia spinosa and Vasconcellea stipulata may have Y chromosomes with SDRs being larger than that 
of the papaya Y chromosomes SDRs, since a difference can be detected using flow cytometry.    
Vasconcellea parviflora male genome is also significantly larger than the female (p=0.03), but 
difference between the means is less than the standard deviation for each sex (Fig. 4.2), suggesting that 
some of the difference between the male and female genome sizes may be caused by error.  A study by 
Wu et al. 2010 further support the presence of sex chromosomes in Vasconcellea parviflora (Wu et al. 
2010). 
These genome size data allow conclusions to be drawn about whether some of the Caricaceae 
species have sex chromosomes.  Jacaratia spinosa, Vasconcellea horovitziana, Vasconcellea stipulata, 
Vasconcellea parviflora, and Vasconcellea cundinamarcensis all showed detectable differences in 
genome sizes between sexes using flow cytometry, but only Vasconcellea cundinamarcensis has been 
previously reported as having sex chromosomes (Wu et al. 2010).  The difference in genome size detected 
between the sexes of Jacaratia spinosa, Vasconcellea horovitziana, Vasconcellea parviflora, and 
Vasconcellea stipulata is an indication that these species may have sex chromosomes, though additional 
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genetic studies should be carried out to confirm this conclusion.  This is the first report of a species in the 
genus Jacaratia having sex chromosomes.    
The averages of the male and female genome size are not significantly different for Vasconcellea 
quercifolia (Fig. 4.2).  This does not necessarily mean that there is not a difference in genome size 
between sexes in Vasconcellea quercifolia, but could mean, if there is a difference in genome size due to 
sex, it may be small and cannot be accurately detected using flow cytometry, like seen with papaya. 
In 1991, Arumuganathan and Earle predicted the genome size of papaya to be 372 Mb, using flow 
cytometry (Arumuganathan and Earle 1991a).  The results reported here suggest 372 Mb was an 
underestimate and that the genome size of papaya is closer to 442.5 Mb, an average of the genome sizes 
from multiple sexes and accessions.  A single accession was used in the 1991 study, but the name of the 
accession and sex of the sample were not reported.  Arumuganathan and Earle ran their samples on a 
different flow cytometer (EPICS PROFILE flow cytometer, Coulter Electronics) and only used chicken 
red blood cells as the internal standard.  This study used 4 internal standards, including Arabidopsis 
thaliana, Oryza sativa cv Nipponbare, Glycine max, and chicken red blood cells, and the samples were 
run on a different flow cytometer (FACSCalibur), likely causing the difference in genome size estimates, 
making 442.5 Mb more accurate.  This revision of the papaya genome size will be helpful in the future for 
re-sequencing projects and other papaya genome analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
77 
 
Figures 
 
 
 
 
 
 
 
 
Fig. 4.1. Genome sizes for 11 Caricaceae species, predicted using flow cytometry.  The genome sizes 
presented are the average of multiple sexes and accessions (when applicable).  
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Fig. 4.2. Differences between the genome sizes of male, female, and hermaphrodite (when applicable) 
samples for 7 Caricaceae species with multiple sexes.  The bars represent the average genome size 
genome size in Mb.  Error bars represent the standard deviation from the mean. Asterisks denote 
significant differences as calculated by T-tests. Cp signifies Carica papaya, Js is Jacaratia spinosa, Vh is 
Vasconcellea horovitziana, Vp is Vasconcellea parviflora, Vc is Vasconcellea cundinamarcensis, Vq is 
Vasconcellea quercifolia, and Vs is Vasconcellea stipulata.   
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Tables 
 
Table 4.1. Caricaceae family members and their sexual systems. 
 
No. Caricaceae family members 
Known Sex 
Chromosomes Sexual system 
1 Cylicomorpha solmsii   Dioecious 
2 Cylicomorpha parviflora   Dioecious 
3 Carica papaya XY1 Trioecious 
4 Jarilla heterophylla   Dioecious 
5 Jarilla caudata   Dioecious 
6 Jarilla chocola   Dioecious 
7 Jacaratia corumbensis   Dioecious 
8 Jacaratia digitata   Dioecious 
9 Jacaratia chocoensis   Dioecious 
10 Jacaratia mexicana   Dioecious 
11 Jacaratia dolichaula   Dioecious 
12 Jacaratia heptaphylla   Dioecious 
13 Jacaratia spinosa   Dioecious 
14 Vasconcellea candicans   Dioecious 
15 Vasconcellea chilensis   Dioecious 
16 Vasconcellea quercifolia   Dioecious 
17 Vasconcellea glandulosa   Dioecious 
18 Vasconcellea crassipetala   Dioecious 
19 Vasconcellea cauliflora   Dioecious 
20 Vasconcellea cundinamarcensis XY2 Trioecious 
21 Vasconcellea gouditiana XY2 Dioecious 
22 Vasconcellea sphaerocarpa   Dioecious 
23 Vasconcellea omnilingua   Dioecious 
24 Vasconcellea microcarpa   Dioecious 
25 Vasconcellea monoica   Monoecious 
26 Vasconcellea palandensis   Dioecious 
27 Vasconcellea horovitziana   Dioecious 
28 Vasconcellea longiflora   Dioecious 
29 Vasconcellea pulchra XY2 Dioecious 
30 Vasconcellea parviflora XY2 Dioecious 
31 Vasconcellea x heilbornii   Dioecious 
32 Vasconcellea sprucei   Dioecious 
33 Vasconcellea stipulata   Dioecious 
34 Vasconcellea weberbaueri   Dioecious 
35 Horovitzia cnidoscoloides   Dioecious 
1= Lui et al 2004     2= Wu et al 2010 
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Table 4.2. Nuclear DNA content (pg/1C) and genome sizes (Mb/1C) for multiple sexes of 11 Caricaceae species. 
Species Accession Sex 
Genome 
size 
(Mb/1C) 
Standard 
Deviation 
(Mb/1C) 
Haploid 
DNA 
(pg/1C) 
Standard 
Deviation 
(pg/1C) 
Average 
genome 
size 
(Mb/1C) 
Genome 
size 
difference P-value 
Carica papaya HCAR 320 female 466.2 13.3 0.48 0.014     
Carica papaya HCAR 320 male 440.8 13 0.45 0.013 25.4 0.0047 
Carica papaya N7-22 Rota  female 424.7 14.4 0.43 0.015   
Carica papaya  N7-22 Rota  male 451.5 7.5 0.46 0.008 26.8 0.0071 
Carica papaya Sunrise  female 436.7 13.2 0.45 0.013   
Carica papaya Sunrise  hermaphrodite 435 7.3 0.44 0.007 442.5 1.7 0.6694 
Jacaratia spinosa HCAR227 female 505.4 3.9 0.52 0.004     
Jacaratia spinosa HCAR227 male 521.9 5.4 0.53 0.005 513.6 16.4 0.036 
Vasconcellea glandulosa HCAR 300 female 534.9 4 0.55 0.004 534.9   NA 
Vasconcellea goudotiana -1 HCAR 167 unknown 567.3 59.8 0.58 0.061     
Vasconcellea goudotiana-2 HCAR 167 unknown 627.4 50.4 0.64 0.052   
Vasconcellea goudotiana-3 HCAR 167 unknown 626.2 43.6 0.64 0.045 607 NA NA 
Vasconcellea horovitziana HCAR 305  female 597 56.8 0.61 0.058     
Vasconcellea horovitziana  HCAR 305 male 518.4 17.9 0.53 0.018 557.7 78.6 0.03 
Vasconcellea monoica1 HCAR 171 NA 625.9 15.1 0.64 0.015 625.9 NA NA 
Vasconcellea parviflora HCAR 179 male 506.8 52.9 0.52 0.054     
Vasconcellea parviflora HCAR 180 female 476.2 40.6 0.49 0.042 491.5 30.7 0.033 
Vasconcellea cundinamarcensis HCAR 46  female 566.7 39.8 0.58 0.041   0.481 F/M 
Vasconcellea cundinamarcensis HCAR46 hermaphrodite 578.3 5.8 0.59 0.006   0.025 M/H 
Vasconcellea cundinamarcensis HCAR46 male 555.2 13.8 0.57 0.014 566.7 23 0.593 H/F 
Vasconcellea pulchra  HCAR 267 male 554.6 5.9 0.57 0.006 554.6 NA NA 
Vasconcellea quercifolia HCAR 226 female 519.6 22.5 0.52 0.023     
Vasconcellea quercifolia HCAR226 male 512.5 12.9 0.53 0.013 516 7.1 0.387 
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Species Accession Sex 
Genome 
size 
(Mb/1C) 
Standard 
Deviation 
(Mb/1C) 
Haploid 
DNA 
(pg/1C) 
Standard 
Deviation 
(pg/1C) 
Average 
genome 
size 
(Mb/1C) 
Genome 
size 
difference P-value 
Vasconcellea stipulata HCAR 177 female 496.7 6.2 0.51 0.006     
Vasconcellea stipulata HCAR 177 male 543.4 21.9 0.56 0.022 520.1 46.7 0.045 
                    
Carica papaya2 combined  female 442.5 22 0.45 0.0139 3.6 0.638 F/M 
Carica papaya combined  male  446.1 11.4 0.456 0.0105 11.12 0.071 M/H 
Carica papaya combined  hermaphrodite 434.98 7.3 0.44 0.007 441.2 7.52 0.321 H/F 
 
1The genome size of V. monoica was previously reported in Gschwend et al. (2012) 
2Averages for each papaya sex 
Table 4.2 (cont.) 
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CONCLUDING REMARKS 
 
 
What we know about sex chromosome evolution has been ascertained through studies of sex 
chromosomes across a spectrum of species, starting from the ancient XY chromosome pair of human 
(Skaletsky et al. 2003; Ross et al. 2005) to the recently evolved ZW system of wild strawberry, Fragaria, 
virginiana (Spigler et al. 2008).  We can gain some insight into sex chromosome evolution by examining 
a single sex chromosome and comparing sex chromosomes across different species, but only a direct 
comparison between the sex chromosomes of a single species can assess many of the changes taking 
place between the sex chromosome pair, which might have otherwise gone undetected.  This dissertation 
describes the mapping and sequencing of the sex-specific regions of both the nascent X and Y sex 
chromosomes of Carica papaya allowing for a direct comparison between the sex determining regions of 
a young sex chromosome pair and provides a complete analysis of the sequences in this region to uncover 
evolutionary events that took place in the mere 6.7 MY since recombination became restricted between 
the sex chromosomes (Wang et al. 2012).  These results provide support for past hypotheses and uncover 
an unrealized level of change in early sex chromosome evolution. 
In the early stages of sex chromosome evolution, after the initial suppression of recombination, 
the Y chromosome has been observed, in past studies, to expand, due to retrotransposons, as well as 
translocations and duplications, and Y-linked genes begin to degenerate and some are lost (Review in 
Ming et al. 2011).  The comparison between sex determining regions of papaya sex chromosomes and 
with the corresponding orthologous region of monoecious Vasconcellea monoica, revealed that the HSY 
is expanding mostly due to repetitive element accumulation and that the HSY genes are beginning to 
degenerate, supporting the current model of sex chromosome evolution. 
If the expansion of the Y is great enough, genome size differences can be detected using flow 
cytometry.  This study suggests the small 4.6 Mb difference between the female and hermaphrodite 
genomes of papaya are unable to be detected and differentiated between using flow cytometry.  Flow 
cytometry was able to detect significant differences in other Caricaceae species, though, suggesting these 
species may have sex chromosomes. 
A few of the results presented here are surprising and not accounted for in the current models of 
sex chromosome evolution.  Expansion was also detected in the X-specific region, due to insertion of 
retroelements and gene content of the X-specific region was variable compared to both the HSY and an 
outgroup.   
The results presented here provide a platform off of which future projects can build.  The 
discoveries made through this work can be incorporated into future sex chromosome evolution models, 
especially the changes occurring on the X that were not accounted for in the past.  Also, the availability of 
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the papaya HSY and X sequences will make it possible to further explore the gene content and gene 
expression of this region.  The HSY specific genes presented here provide a list of candidates for the 
stamen-promoting male sex determination gene, which is present on the HSY and male specific region of 
the Y chromosome (MSY); a subset of candidates have already been selected for further molecular 
analysis and transformation.  These data will also allow for the identification of other sex-specific traits, 
such as the YY lethal factor.  Gene expression analyses on the genes found on the HSY and X may 
provide greater insight into the reduction of expression of the HSY genes to further explore the 
degeneration of the HSY, like was done in Silene latifolia (Bergero and Charlesworth 2011, Chibalina 
and Filatov 2011).  Finally, the flow cytometry data presented here provides some possible avenues of 
study to pursue between papaya and Caricaceae relatives, such as the further investigation of sex 
chromosomes in Vasconcellea and Jacaratia.  
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